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PREFACE 


This unit is thud in a series of units developed for try-out of the Indi¬ 
vidually Guided System oflnsliuclion (IGS1) in Class XI physics course 
of the Cential Board of Secondary Education. A booklet wherein IGSI is 
described is available under a separate cover. This unit contains an 
introduction for motivation, arousing interest, and to link the piesent unit 
to preceding and next units. The objectives given in this unit arc the 
expected learning outcomes, stated discretely so that the pupil will know 
what to master. Several questions and problems are included to arouse 
curiosity so that the pupil is encouraged to think cieatively. These units 
are suited for self study with occasional help fiom a tutor However, 
pupils following the traditional system may also find these units useful. 

In preparing this unit I was assisted by some teachers and Shri Partha 
Goswami, who worked as a Junior Project Fellow on this project. At 
this stage this unit is an experimental edition. I will welcome any criti¬ 
cism and suggestion for the improvement of this unit. 

The project for which these units are prepaied is supported financially 
by the National Council of Educational Research and Training. How¬ 
ever, the responsibility for the facts stated herein, the opinion and views 
expressed and the conclusions drawn are entirely mine and not of NCERT. 


Rajlsiiwar. N. Mahiur 
Reader 

Department of Education in Science 
New Delhi and Mathematics 

30 May ]982 N,C.E,R,T. 




INTRODUCTION 


In secondary classes you have studied some basic concepts of vectors 
and scalars The rules in vectoi algebra are much different from the rules 
followed by scalars, You know that a mass of 2 kilograms added to 
another mass of 2 kilograms always results in 4 kilograms. But two vec¬ 
tors of magnitude 2 units each may give a sum varying from zero to four 
units, depending upon the directions of the two vectors. The rulesfor multi¬ 
plication of vectors are also much different from the rules of multiplication 
of numbers. Vectors are extensively used in all branches of physics In 
this unit you will learn more about some introductory concepts and langu¬ 
age of vectors and scalars. 


OBJECTIVES 


To be able to 

1. Add, subtract and multiply vectors. 

2. Determine the components of a vector along two mutually perpen¬ 
dicular directions. 

3. Apply the rules for addition, subtraction and multiplication of vectors 
to solve simple problems 

SUGGESTED READING MATERIAL 

1. Vector representation 

Suppose you use your finger to apply a force on a block lying on a 
table If you push the block vertically downwards, it will not move no 
matter how ‘hard’ you push On the other hand the block will move if 
you push it in a horizontal direction, and the harder you push the faster 
the block will move Therefore, if you want to study the motion of the 
block you must know how ‘hard’ ( magnitude ) you are pushing it and 
in which direction. A physical quantity which requires a magnitude and a 
direction for its complete specification is called a vector quantity. Other 
examples of vectors are displacement, velocity, momentum, etc. Vectors 
are represented by an arrow. The length of the arrow (Fig. 1), to some 
chosen scale, gives its magnitude and the arrow head points to its direc¬ 
tion. As an illustration, let a force of magnitude 10 N be applied to a 



block, using a string making an angle of 45 degrees with the horizontal 
[Fig. 1(a)]. This force vector can be represented by an arrow of length 
2 cm (for convenience a scale representing 5 N by 1 cm length is chosen) 
making an angle of 45 degrees with the horizontal as in Fig 1(b). Aualyti- 



f !.> > 

Fig. 1. Representation of force vccter by nn arrow. 


cally a vector may be represented by bold face print letter such as A and 
its magnitude by light face print letter A. In your notes you may represent 

this vector using a single letter with an arrow at the top, such as A, whose 

magnitude may be represented as | A | . The scalai quantities, such as 
mass, time, etc. on the other hand have only a magnitude but do not 
require a direction for their specification. Scalars are added as ordinary 
numbers and represented by light faced letters. 

2. Equal and unequal vectors 

Two vectors of the same physical quantity are said to be equal if and 
only if they possess equal magnitudes and same direction. Vectors A and 
B shown in Fig 2(a) are equal because they have equal length and same 
direction. Vectois C and D are not equal and s@ arc vectors JB and F, why? 



{ a) ( b) (c) 

Fig. 2. Equal and unequal vectors. 
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3. Composition of vectors 


As it has been pointed out in the introduction, unlike scalars, vectors 
posses magnitudes and directions. That is why their addition, etc. are 
little complicated In the present article we shall familiarise you with the 
relevant tules foi composition of vectors. By the term composition of 
i ectoix we essentially mean, given two or more vectors, how to reduce 
them into a single equivalent vector called the resultant 

3.1. Addition of vectors ' Let a boat row with a speed of 4 km/h in 
a direction at light angles to the flow of a stream wheic the velocity of 
the sticam is 3 km/h. Tiom your intuition, you can say that the flow of 
the sti cam Will not let the boat move with its orginal velocity of 4 km/h 
and even the direction of motion of the boat will not remain the same as 
desired. But in order to determine the resultant velocity of the boat, 
simple arithmetic of 4 km/h plus 3 km/h equal to 7 km/h will not work, 
simply because directions of velocities are diffeient. As the boat is pro¬ 
pelled towards the opposite bank, the river water diags it along the stieam 
as in Fig 3 (a). 



Fig. 3(a). A boat crossing a river. 

We find tiiat the resultant velocity of 5 km/h is given by the diagonal 
of the rectangle, as shown in Fig. 3(b), whose adjacent sides represent 
the original velocities The proper diagonal for the velocity is the con¬ 
current (starting from the veite* where thds of these two vectors meet) 
diagonal. 
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This is a special case of the law of parallelogram of vector addition 
stated below. 



V F 10 CITY OF STREAM 

Fig. 3(b), Addition of velocity vectors. 

“If two vectors acting at a point are represented in magnitude and 
direction by adjacent sides of a parallelogram, then the concurrent dia¬ 
gonal of the parallelogram will represent their resultant in magnitude and 
in direction.” 

Let A and B be two vectors acting along OA and OB respectively as 
shown in Fig. 4. The diagonal of the paiallelogram OACB is OC, which 
represents the resultant R of A and B. 



A a Cose/- 0 

Fig. 4. Resultant of two Vectors acting at a point. 


In vector from one can write. 
R=A+n 


d 


•. ..( 1 ) 




The magnitude and directi on of R are given by 
R—^A 2 -{-B 2J r2AB cos a 


and 


tan 0= 


B sin a 
A-\-B cos a 


.. . ( 2 ) 


(3) 


Special case 



Fig. 5. Resultant of two vectors at right angle. 

R=4A*+B 2 because cos 90°■= 0 .(4) 

which gives the magnitude of the resultant. 

Similarly, from Eq.(3), the direction of R is given by 

tan 0=^j- .(5) 


The parallelogram law of addition of vectors can be translated to 
slightly different form called the triangle law of vector addition. 

3.2, Triangle law of vectors ■ Here we move vector B parallel to itself until 
the tail of B is over the head of vector A. Then the side closing the triangle 
gives the sum R, both in magnitude and direction as shown in Fig. 6. 



Fig 6. Addition of vectors by triangle method, 
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Question 

Do vou change a vector when you move it parallel to itself' 7 

Ans. No. 

If vve wish to add scvcial vectors A, B , C, D, .. .. we could add them 
by applying parallelogram or triangle constructions again and again getting 
the resultant of A and U and adding it to C, adding the new resultant to D 
and so on. Equivalently we add A and B by head to tail, then place the 
tail of C over the head of B, then place the tail of D on the head of C and 
soon. We can omit the intermediate resultant R by joining tail of the 
first vectoi to the head of the last vcctoi, as shown in Fig 7. This is 
what is known as polygon law of vector addition 



Fig 7. Addition of vectors by the head to talc polygon method. 

Example 1 

A ship surrounded by fog is pointed due north and sailing, as the 
navigator thinks, at 50 km/h due north in still water. Actually it is in a 
current moving 1 5 m/s due east If the fog disappears and the navigator 
can obseive nearby islands, in what direction will he be really moving? 
How fast? 

Solution 

The velocity of the ship, 

17=50 km/h 
==(125/9) m/s 
The velocity of the stream, 

F=1.5 m/s 

Let 0 be the angle between the direction of resultant velocity IV, and 
velocity of the stream V, Then from parallelogram law of vectors, resul¬ 
tant velocity of the ship is (see Fig, 8), 

w=*Vu* iv- 

W= 14 m/s 
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Fig. 8. Vector addition of two velocities. 


And 

or 


“‘"“"F=W = 926 

0=83° 50'9" 


Example 2 


■> 


E 


Two foices F x and F. t of 30 N add 40 N respectively act on a particle 
P. If the angle between F 1 and F t is 60°, determine the force that is required 
to prevent P from moving. 

Solution 


From the parallelogram law of vectors, the magnitude of the resultant 
vector R will be given by 

F=> V fv+F 2 “-t-2F 1 F 2 cos 60 p 
= V'(30) B +(40)2+2(30^(40) J N 
=61 N 


The angle between F x and R is given by 


tan 0 = 


F a sin 60° _ 40x0 866 n 

Fi+F, cos 60°~ 30+40x0.5 ' 


or 0=35° 

In order to prevent particle P from moving, a force of 61 N has to be 
applied to P in the direction opposite to the direction of R. 


Questions 

1. If two vectors A and B are parallel to each other and act along the 
same line, what will be their sum? 

Ans. R=A-\-B 
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2 If two vectors A and B are directed in opposite directions but along 
the same line, what will be their sum ? 

Ans. R A~B 

3.3. Subtraction of vectors 

The difference of two vectors A and B is 
C=A—B 

which may be computed from ...(h) 

C—A-\~( — B) 

where—# has same magnitude as B but opposite direction. Vectors 
A and B are shown in Fig, 9(a). Fig 9(b) shows the addition of A and—B 
by vector triangle method. Therefore, rules for the subtiaction of vectors 
is same as the addition of vectors. How will you iind A B by vector 
parallelogram method? ... ((,) 



Fig- 9. Subtraction of two vectors. 

Example 3 

Given two vectors A and B such that 
| A+B |=| A — B | 

show that A and B are at right angles to each other (where A and B are 
non-zero vectors and vertical bars denote the magnitudes). 

Solution 

Ifis the angle between A and B, then from parallelogram law 

| A+B 1 = VA 2 +£*+2 AB coVS 
| A—B | = Vi 3 +>+2 AB cos (180—a) 
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Since | A+B | ■= | A — B | 

V A 2J rB 2J r2 AB cos a = A 2 -\-B 2 —2 AB cos « 

which on squaring both sides gives 
4AB cosa=0 

Since A^£ 0, B^:0, cos a=0 
Therefore a = 90 ° 



Questions 

1. When can you add vectors like scalars? 

2. Time moves from past to future through present. Would you consi¬ 
der time as a vector or a scalar? Justify your answer. 

3. Can two vectois of different magnitudes be combined to give a zero 
resultant? Can three vectors? 

4 Does it make any sense to call a quantity vector when its magnitude is 
zero ? 

5. Given two vectors of magnitudes 3 and 4 units, how will you combine 
them to get resultant vectors of magnitude 1 unit, V13 units, 5 units, 
■\/37 units and 7 units ? 
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4. Resolution and addition of vectors, analytic method 

In article 3 vvc discussed composition of veclots. In the present article 
we will discuss exactly the reverse, 1 c given a single vector acting at a 
point, how to break it up into two vectois at right angles to each other, 
Hence the process is called resolution of vectors. 

Given a vector A, vve want to resolve it into two vectors Ax and A y 
along mutually perpendicular X and Y axes, Let the angle between 
direction of X axis and A be 0 as shown in Fig. 11 



Fig. li. Resolulion ol'a vector along two mutually perpendicular X and Y axes. 
Tho piojcction of A along X axis represents its X component while its projection 
along Taxis represents its Y component /!,, 

A% n 

~—= cos 6 

A 

A x — A. cos d .. (7) 

Similarly, since AB is equal and parallel to OC, one gets 

Ay . n 

—- = sm 9 

A 

Ay — A sin 9 ..‘(H) 

Thus the elfcct of A is same as the combined effect of Ax and Ay which 
are called the vector components of A. A lawn-mower (Fig. 12) is one 
example where motion can be understood by resolution of a vector. A 
lawn-mower is normally pushed (otherwise it won’t cut grass) and not 
pulled. But it is always easier to pull it because in this case ‘pull’ can be 
resolved into two mutually perpendicular components as in Fig. 13(a). The 
horizontal component will overcome friction whereas the vertical com- 
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Fig. 12. A lawn-mower being pushed. The applied force F is resolved into 
horizontal component H and vertical component V. 


ponent will counter balance the weight of the mower and the man to some 
extent. On the other hand in case of ‘push’ although horizontal compo¬ 
nent will still counter balance the force of friction, vertical component 
acting in the downward direction [as shown in Fig 13 (b)] will make the 
effective weight increase. Thus it is easier to pull a lawn-mower than to 
push it. 



Fig. 13. ‘Pull and Push’ resolved into vertical and horizontal components. 
Example 4 


A vector,inclined to X axis at angle of 30°, has a component of 8 sjl 
units along X axis. Determine the magnitude of the vectoi and its com¬ 
ponent along Y axis. _ 


Solution 

Referring to Fig. 14 




N Institute of Education 

T '1, I"-, 

IjI y*. vj ' , - . J vV, I ** 1 X 


U, 


i 


> 


A = 


cos 30° 


Ac=.Ho.E-/5i87Q) 


I Date. 


u 




A = s _4r units = 16 units 
-v/ 3/2 

Similarly Ay ~ A sin 30° 

s=7 16 units = 8 units 


y 



Fig 14. Vector A lesolved into components along the X and Y axes 

The description, of a vector A in terms of A and 0 is equivalent to its 
description in terms of components A x and Ay and can be used inteichange- 
ably. Equations (7) and (8) give A and 6 from Ax and Ay. 

A = V Ax* A-Ay* 
tan 0 = Ay I A x 

In the analytic method vectors aic resolved into their components. The 
choice of axis is arbitrary and any two mutually perpendicular axes may 
be chosen for convenience. 

Questions 

1. It is much easier for making calculations if axes are so chosen that 
most of the vectors lie on them. Why? 

2. In solving physics problems two axes perpendicular to each other arc 
chosen. What is the advantage of this choice over a pair of axes not at right 
angles to each other. 

Referring to Fig, 4 and Eq. (1) if X axis is chosen along OD and Y axis 
perpendicular to it, it can be seen that in any coordinate system two 
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vectors such as R and A-YB can only be equal if corresponding components 


are equal, or 

Rx “ Ajt -{- B x 9(a) 

Ry — Ay T - By 9(b) 

Taken together, these two algebraic equations are equivalent to vector 
relation Eq. (1). These two give R and 6 by 

R = VRJ+Ry 2 .10(a) 

tan 8 = RyjRx ■ . 10(b) 


Thus m the analytic method all the vectors are resolved into their X and 
Y components. The algebraic sum of all the X components gives R x and 
the algebraic sum of all the Y components gives R y . Equations 10 (a) and 
10 (b) then gLve the resultant R. 

Example 5 

Two vectors A and B of magnitude 20 and 10 units respectively act on 
point O as shown in Fig. 15. Find the sum of A and B by analytic method. 


y 



Fig. 15. Finding the sum of A and B by analytic method 


Solution 

For convenience choose the X axis along vector A as shown in Fig. 15 
Rcc — Ax d - B% 

-= A— B cos 60° 

= (20 — 10 x$) units 
= 15 units 
Ry — Ay + By 

= 0 + B sin 60° 
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= (o + 10 X 86) units 
= 8.6 units 


VJif H- Ry* 

\/(T5) 2 " +T8 6) 2 "units 
17.3 units 
Ry 

Rx 

8.6 

15 

0 57 
30° 

5. Multiplication of scalars and vectors with vectors 

Let a force of 8 N acting upon a body towards east be doubled (i e. 
multiplied by a scalar 2). We get a force of 16 N acting in the same direc¬ 
tion Hence, m general, if a vector V acting at a point P in a ccitain 
direction is multiplied by a scalar lc (a puie number), it gives us a vector 
kV whose magnitude is kV and dncction is the same as of V as in Fig 16. 

V 

P -ife* 


R = 


tan 6 — 


P _ _^ 

K V 

Fig 16. Vector multiplied by a scalar. 

The multiplication of two vectors is, for convenience, defined in two 
different ways to give us products as scalar or vector The former type 
of multiplication is called scalar (or dot) product and the latter type is 
known as vector (or cross) product. 

5.1, Scalar (or dot) product [ \ 

The scalar product of two vectors A and B inclined to each other at an 
angle 9 is given by 

A B—-AB cos 9 
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.(II) 



L.H S. of Eq. (11) is lead as vcctoi A dot vector B or simply A dot B. 
It is clear from Fig 17, that A.B is the product of A and projection of 
vector B on vector A, i.e. OC 



Thus A J?=(OA) (OC) 

(Since OC=OB cos 0) 

In Eq, (11), if instead of considering A B, we consider B.A we find 
B.A—B A cos (—8) 

But cos (—0)=cos 0 
hence B.A — BA cos 0 
—A.B 

Thus the scalar (or dot) product is commutative. 

Since by definition A.B is scalar, it does not have any direction. 

5 2 Vector (or cross) product of two vectors 

Given two vectors A and B inclined to each other at an angle 0, the 
magnitude of their vector product (lead as A cross B) will be (see Fig. 18). 
| AVB | =BA sin 8 ...(12) 



Fig. 18. Cross product of two vectors 


15 


AXB is a vector, whose direction is given by what is known as 
the right hand thread rule or the right sc lew rule. The right screw rule 
states that in older to determine the direction of A XB , light screw with its 
head in the plane determined by A and B, is to be rotated in the direction 
in which A becomes coincident with B through the smaller angle, then the 
direction pointed out by the advance of screw head will indicate the direc¬ 
tion of A X B as shown in Fig 19(a). 


f A X 8 



Fig, 19 (b) Right hand thread rule. 
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Right hand thread rule states that in order to find the dnectionof A X B, 
four fingers (excluding the thumb) of the right hand are to be curled from 
nuckles to nails in the direction in which A is to be rotated to bring it into 
coincidence with the direction of B, then the thumb will point m the 
direction of A XB as in Fig. 19(b). 

It is clear from the foregoing discussions that 
| A X B | =AB sin Q 

But referring to Fig. 20 one finds that BxA is in the direction opposite 
to A XB, hence one has to write 

A X B= — BxA .(13) 

Thus the cross product is not commutative. 




Geometrically the magnitude of the cross product of two vectors A and B 
means the area of the parallelogram determined by considering A and B 
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to be its adjacent sides, because mca of the paiallelogiam OACB (Fig. 21)is 
—(OA) (CD) 

= AB sin d where CD~B sin 0 
= \AXB | 



Fig. 21. Geometrical meaning of the cross product. 

Example 6 

Two vectois act at O in the diicctions as shown in Fug. 22, where A -3 
units, B—4 units and x denotes going pet pcndiculiuly into the plane of 
the paper 

Determine A XB and A.B 
Solution 

Since angle between A and B is 90° 

A-B-AB cos l J0 c ~0 

Mx8| =AB sin 90°—(3x4x1) units 12 units 

The direction of AxB, by light hand thread iule, will be in (lie plane 
of the paper in the direction as shown in Fig. 22. 
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ASSIGNMENT 

1. Vectors V and B act at a point as shown in Fig. 23. Determine 
V.B, VxB and Bx V where =3 Funits, B —4 units 


V 

Fig. 23. Two vectors acting at point P. 

Ans. 0, 12 units (perpendicular to the plane of the paper and towards 
you),—12 units going perpendicularly into the paper 

2. Two vectors F x and F 2 act at P. F 1 is in the plane of the paper and 
is coming out of the paper towards the reader. Determine 

Fi X Fg and FFa 

where F t — 6 units and F 2 =7 units 

Ans. 42 units, in the plane of the paper and downwards, 0 

3. Let A and B be two vectors acting along the edges of a cube of side 
l as shown in Fig. 24. 

4 


Fig. 24. Two vectors acting along edges of a cube. 
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(a) Determine C~ A xZf 

(b) Find the value of ( C.A ) and (C.B) 

Ans. / 2 (along Z diiection), 0, 0 

4. If a vector inclined to X axis at an angle of 60 , has a component 
of 8 units along X axis, deteimine the magnitude of the vector and its 
component along Y axis. 

Ans. 16 units, 8 units 

5. A river flows at 3 km/h. A swimmei whose velocity in still water 
is 4 km/h requires 15 minutes to reach the opposite bank. What total 
distance will he swim f 

Ans. 0 461 km 

6 A car is driven 50 km eastwards then 30 km northwards and then 
25 km westwards. Draw a vector diagram and determine the total displace¬ 
ment of the car from its starting point 

Ans. 39 km, 50" 11' 39" east of north 

7 A vector A has a magnitude 2 5 metres and points due north. What 
are the magnitudes and dnections of the following vectors 7 

(a) A (b) All (c) —2.5 A and (d) 4 A 

Ans. 2.5 m (due north), 1.25 m (due north), 6.25m (due north) 
10m (due north) 

8. Show for any vector A, that A A=A and that AA -0. 

9. A foiceoflONis represented by vector A as shown in lug. 25. 
Determine its components along X and Y axes. 



0 K 


Fig. 25. A force acting at point o. 
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Ans. X component=—5V3 N, Y component=5 N 

10. Show that vector addition is associative. 

11. Establish Eq, (2) and Eq. (3) of the text by taking components along 
two perpendicular directions. 

SELF ASSESSMENT 

1. A particle undergoes three successive displacements as follows, 3-\/3 
metres south, 5,0 metres east, 6 0 metres in a direction 60° north of 
cast. Find the magnitude of the lesultant displacement 

2. An aeroplane takes olf at an angle of 45° to the hoiizontal. If the 

vertical component of its velocity is 300 km/h, calculate its actual 

velocity and the horizontal component of velocity. 

3. A force A of magnitude 10 N and another force F of magnitude 6N 
point in the directions differing by 60° Find their vector and scalar 
products. 

4. Two forces F x and F 2 act upon a body in such a manner that the 

resultant force It has a magnitude equal to F x and makes an angle of 

90° with F v Let Fl— R~ 10N. Find the magnitude and the direc¬ 
tion (relative to Fx) of the second force F s . 

5. Use the standard (right hand) X,Y,Z system of coordinates (Fig. 26). 
Given vector A in the -+■ X direction, vector B in the +Y direction, 
and the scalar quantity d. 

(a) What is the direction of A XF 7 

(b) What is the direction of Fx A 7 

(c) What is the direction of F/c/ 7 

(d) What is the magnitude of A F? 
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INTRODUCTION 


The physical quantities are the building blocks of physics. The laws 
of physics are expressed in terms of physical quantities. Testing a theory 
or verifying a law involves measuring these physical quantities For this 
purpose we have chosen certain quantities in terms of which other physical 
quantities can be expressed. Such quantities are called fundamental 
quantities, For the sake of precision, there must be standards for these 
fundamental quantities The criterion for selecting these standards should 
be that they do not vary over a period of time due to repeated use and are 
easily accessible or can be imitated easily. In your previous classes, you 
have studied the need for adopting the standards and also about units in 
which they are expressed You will now learn how these units arc chosen 
and the most recently accepted units for these quantities. You will also 
study more about the units of fundamental quantities and how other 
physical quantities can be expressed in terms of these fundamental 
quantities. You will learn, how very large or small distances or quantities 
can be expressed more conveniently, and how large distances such as the 
distances of stais and planets from the earth, and very small distances such 
as diameters of atoms, etc can be measured. This unit may not be very 
interesting, yet you should know various types of units to understand the 
physics for your course. 


OBJECTIVES 


To be able to 

1. Define the base units in SI. units (The International System of 
Units) 

2. State the older of magnitudes of large and small quantities. 

3 Describe indiiect methods such as triangulation or parallax 
method, and method based on inverse square law of distance in 
respect of intensity of light to determine astronomical distances. 

4. Describe indirect method for the determination of the size of an 
atom using Avogadio’s hypothesis, 

5. Deduce dimensions of various physical quantities. 

6. Use dimensional method for 

(a) testing the accuracy of expressions deduced, 

(b) deducing certain formulae. 



SUGGESTED READING MATERIAL 

1. Fundamental and derived units 

Suppose we want to measure the length of a certain plot. First of all 
we have to specify a unit for measurement (say, the length of a stick). 
Using this we find out how many times the plot is as long as the given stick, 

If we call the length of the stick as one ‘a’ and we find the length of the plot 
to be twenty times the length of the stick, then we can say that the length of 
plot is 20a. 

But if every one chooses different units the result will be a chaos. Hence 
international agreement is necessary concerning the specification of units 
for the measurement of various quantities. From this example it is clear \ 
that procedure of measurement of a physical quantity, in general, involves 1 
two steps, viz. the choice of a unit and the establishment of methods of 
comparing the unit to the quantity to be measured so that a numbei and 
a unit are determined as the measure of that quantity. 

Physical quantities are divided into two categories, viz, fundamental 
quantities and derived quantities. Fundamental quantities are those physical 
quantities whose defining operations (i. e. procedure of mcasui email) do not 
involve any other physical quantity and derived quantities are defined on the 
basis of fundamental quantities. Examples of quantities usually viewed as 
conventionally fundamental are mass, length, time, etc. Examples of 
derived quantities are velocity, acceleration, volume, etc. 

We have foui systems of measurements namely, F.P.S. (Foot, Pound, 
Second), C.G.S. (Centimeter, Gram, Second), M.K.S. (Meter, Kilogram, 
Second), and S.I. units. The reason for the tremendous popularity of S.I. 
units is that they are easiest for remembering and practical work. The 
important features of SI units can be summonsed in three terms . rationality, 
coliet ence and comprehensibility The terms need a little explanation. The 
SI units is rational because it absorbs the rationalised MKS system and is 
made more efficient by logically reducing or eliminating unnecessary complexi¬ 
ties. It is coherent because it is based on a certain set of "basic units’from 
which all derived units are obtained by multiplication oi division without 
introducing numerical factors. Its comprehensibility is based upon the fact 
that it uses only seven base units and two dimensionless units to cover all 
the fields of science and engineering. 

Given below are the definitions of the base and dimensionless units. 

Base units 

Kilogram (kg) : The kilogram is the unit of mass equal to the mass of the 
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international prototype of the cylinder at Sevres, France. 

Meter (m) : The meter is the length equal to 1650763.73 wave lengths 
in vacuum of the radiation corresponding to the transition between the 
levels 2 Pj 0 and 5 d 5 of the krypton—86 atom. 

Second (s) The second is the duration of 9192631770 peiiods of the 
radiation corresponding to the transition between two hyperfine levels of 
the ground state of caesium—133. 

Kelvin (K) : The kelvin, unit of thermodynamic temperature, is the fraction 
1/273.18 of the thermodynamic temperature of the triple point of water. 

Ampere (A) : The ampere is that constant current which if maintained 
in two straight parallel conductors of infinite length, of negligible circular 
cross-section, and placed 1 meter apart in vacuum, would produce between 
these conductors a force equal to lx 10— 7 newton per meter length. 

Candela (cd) ' The candela is the luminous intensity, in the perpendicular 
direction, of a surface of 1/600000 square meter of a black body at the 
temperature of freezing platinum under a piessure of 101325 newton per 
square meter. 

Mole (Mol) ' The mole is the amount of substance of a system which 
contains as many elementary entities as there are atoms in 0.012 kg of 
carbon-12. 


Dimensionless units 

Radian (rad) . The radian is the plane angle between two radii of a circle 
which cuts off on the circumference an arc equal in length to the radius. 

Steradian (sr) : The steradian is the solid angle which, having its veitex 
at the centre of a sphere, cuts off an area of the surface of the spheie 
equal to that of a square having sides of length equal to the radius of the 
sphere. 


Derived units 

The deiivcd units can be obtained by using the coherent features. For 
example, the velocity is defined as displacement per unit time. The dimen¬ 
sion of velocity, written as, | velocity | , can be written as 


| velocity | 


| displacement^ 
| time | 
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In SI units 
| velocity j gj. =m/s 


Similarly, 


acceleration = 
| acceleration 


cha nge in velocit y 
time 

. met er/second 
' SI ~ second 


— m/s a 

force=mass x acceleration 


force 


SI 


=kgxm/s 2 =kg m/s 2 


Derived units will be discussed in more details in the article 4.1. 

2, Order of magnitude of very large and very small quantities 

In our every day life we encounter objects of widely differing sizes. Some 
of them are as big as mountains and others are as small as a pinhead. When 
we go beyond these limits, either in the direction of much larger objects or 
in the direction of much smaller ones, it becomes increasingly difficult to 
grasp their actual sizes. 


For example the diameter of the sun is 1,390,000,000 meters and the 
diameter of the hydrogen atom is only 0.000000000106 meters. Scientists 
customarily express such numbers in scientific notation 


In scientific notation we write the diameter of the sun and the hydrogen 
atom as l.39xl0°m and 1.06X10 -10 m respectively. 

The exponent is called the order of magnitude of the physical quantities 
Questions 

1. Determine the order of magnitude of the numbers 1.2x10* and 

1.1 XlO- 23 Ans. 9,-23 

2, One light year is defined as the distance travelled by light m one year. 

Express one light year in meters. Ans. 9.43 X 10 1B m 

The calculations becomes relatively simpler after the numbers are 
expressed in scientific notation. 


Table 1 gives the order oF magnitude of typical lengths. 
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TABLE 1 


The order of magnitudes of lengths from astronomical to sub-atomic 
scale 


Distance 

Older of magnitude 
(in m) 

Farthest galaxy (Quasars) photographed 

10 20 

Distance to the nearest galaxy 

]0 22 

Diameter of our galaxy 

1020 

Distance to the north star 

10 13 

Distance to the nearest star (Alpha Centauri) 

10 17 

Mean distance of the eaith from the sunf 

10 u 

Radius of the sun 

10 9 

Average distance of the moon from the earth 

10“ 

Radius of the earth 

10 7 

Length of a football field 

10 z 

Width of your hand 

10-‘ 

Thickness of a pencil 

io - 2 

Thickness of a piece of paper 

10-* 

Size of a biological cell* 

10-0 

Size of a virus 

io - 8 

Diameter of a hydrogen atom** 

10-w 

Size of a large nucleus"** 

10-ia 

Diameter of a proton 

10-is 


fAlso defined as one astronomical unit and equals 1.498 xlO u m 

*For expressing such length a unit equal to 10- 3 ra called a micron (p) 
is used. 

’“•''This is approximately equal to one Angstrom (1A°) unit which equals 
10- 10 m. 

***Nuclear size is usually expressed in fernu, 1 fermi=10- 15 m. 
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As you have seen 'time' too, is a fundamental quantity. To measure it 
roughly, we have pendulum clocks and watches which produce ticks at 
intervals of one second. Many other repetitive phenomena such as heart 
beat, motion of planets round the sun, etc. can be adopted as the time 
standard, But as you know scientists always strive for greater accuracy. 
Hence they adopted ‘second’ based on caesium (Cs) clock as international 
time standard in 1964. Using caesium the value of a second can be measur¬ 
ed with an accuracy of 1 part in 10 u . And quartz crystal clocks, based 
on the electrically sustained natural periodic vibrations of a quartz wafer, 
serve as the secondary time standard. 

To measure very short time intervals we have electronic devices and 
still shorter time intervals require indirect means. On the other hand, to 
measure long intervals of time, we have methods such as the ones based 
upon radioactive disintegration, Doppler shift, etc. In Table 2 given 
below we have listed order of magnitude of time for very long as well as 
very short tune intervals. 

TABLE 2 


Event 

Time interval 

Event Time interval 


(») 


( s ) 

Age of the 

10 ia 

Time for light to 

10-“ 

universe 


cross a room 


Life of earth 

10 10 

Time for electron to 
revolve round the 

10-' 6 

Human race 

I0‘ 2 

hydrogen nucleus 


A year 

10 s 

Time for inner most 
electron to revolve 

10-2° 

An hour 

A wink 

10* 

around nucleus in a 
heavy atom 


1 


Time period of 


Time for proton to 
revolve once in 

ic - 32 

sound 

10-2-10-" 

nucleus 



Questions 

1. Name several repetitive phenomena occuring in nature which could 
serve as reasonable time standards. 


2. Do you think that a definition of a physical quantity for which no 
method of measurement is known or given has any meaning ? 

3, What criteria should a good clock satisfy 7 
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4. Can you think of a way to define length standard in terms of time 
standard and vice versa ? If so, can length and time be regarded as 
fundamental quantities 7 

Hint . Time period of a pendulum is related to length of the 
pendulum. 

3.1. Indirect methods to measure large distances 

If you are to measure astronomical distances, diiect methods such as 
using your meter stick will be of no use. That is why, we have indirect 
methods, e.g. triangulation (parallax) method by which distances to nearby 
stars can be deteimined. 

To illustrate the principle, let us consider the simple case shown m 
Fig. 1. Let N be a nearby star whose distance is to be determined. We 
choose a far away star (say F) whose dnection may be taken practically to 
be the same at all positions of the earth in its orbital motion. 

Suppose at some position of the earth, A, one measures the angle 
between the direction of F and the direction of N, i.e. the angle FAN (0). 
Then the obseiver waits for six months so that the earth is at B, a position 



B 


Fig 1. Lines of sight of a distant star F and a nearby star N taken from two diame¬ 
trically opposite points A and B of earth’s orbit around the sun S. Measuring 
angles 0 and <j> and knowing the distance between the earth and the sun, d, the 
distance of N from earth can be determined 

diametrically opposite to the position A of the earth in its orbit around 
the sun S. At B, again he measures the angle NBF (^) Now knowing 
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the distance d between the earth and the sun, the distance of N can be 
determined using the following equation. 

2 cl AN _ BN _ 

sm (90—f/j) sin (90—0) 

By this method, distances of stars which are relatively near to the earth 
can be determined and they are only a lew hundreds in numbers In case 
of far away stars, other indirect methods such as methods based on inverse 
square law of distance, Doppler shift, etc. are used. In the formci method 
intensity of faint image of a very distant star on a photographic plate is 
compared with the intensity of a nearby star. 

If /j = Intensity of a nearby star 

d L = Distance of the neai by star from the earth (This distance can 
be determined by triangulation method) 

/ 2 = Intensity of a distant star 

r/ 2 = Distance of the distant star from the earth (This is to be 
determined) 

Then fiom inverse square law of distance 

W = hldi 

or r/» = ■ ( 2 ) 

In order to determine the distance of a far away galaxy by Doppler 
shift (Questions on this may be asked in Class XII) one has to determine 
the shift in apparent wavelength of a spectral line (AA) of the distant 
galaxy compared to the same line photographed from astationaiy laboratory 
source. Then relative velocity of the galaxy with respect to the earth is 
given by 

v = 

A ...(3) 

Where A = Wavelength of the spectral line concerned 
c = Velocity of light 

Now from Hubble’s law we know, that the velocity of recession of a 
galaxy is given by the formula 

Vrec ~ .,(4) 

where r = Distance of the galaxy from the earth 
H = Hubble’s constant 

= 100 m/s for every million light years ...(5) 

With the help of Eq, (3) and Eq. (4) one can estimate the distance of 
the far away galaxies. 
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3.2. Indirect methods to measure very small distances 

For the measurement of very small distances such as those of the 
molecules and atoms, only indirect methods can be adopted. Determina¬ 
tion of the size of an atom by Avogadro’s hypothesis and the determination 
of the size of a gold nucleus by alpha-particle scattering experiment are 
two typical examples. 

In order to understand the principle and the method of determination 
of size of an atom by Avogadro’s hypothesis, let us consider a monatomic 
element such as copper. 

Let m = Mass of the given body made of copper 
M = Molecular mass of copper 
V = Volume of the given body 

We know M giams of coppei will contain N (=6.023 x.10 23 ) atoms (since 
Cu is monatomic) of copper where N is Avogardo’s number. Hence m grams 

of specimen will contain atoms. If j is the radius of the copper 

atom, assuming atoms to be spherical, one can write 

~ re r' = Total volume occupied by the atoms . (6) 

Assuming that atoms occupy two third of the volume of the specimen 
one gets 



Nm 

TvT 



-( 7 ) 


f MV \l/3 /.I 

“ ' = (-wm) •' (8; 

To estimate the radius of the nucleus (questions on this method will 
not be asked) let us consider an a particle of energy E joules incident at 
the centre of the nucleus as shown Fig. 2. As you must have studied in 
earlier class, a particle will retrace its path after reaching a minimum 
distance /„ from the centre of the nucleus because K.E. of the a particle 
is getting transformed into P.E. due to Coulomb’s repulsion between a 
particle and nucleus and at r 0 . The kinetic energy of the a particle will 
become exactly equal to the potential energy of a particle nucleus system, 
which is given by k z L z a e 3 /i 0 where z x and z 2 are atomic numbers of a 
particle and nucleus respectively 
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Fig. 2. Large angle scattering of alpha particles from a nucleus. 


(fc=9xl0 9 Nm 3 /C 2 , e=1.6xl0- 10 coulombs) 

Radius of the nucleus must be smaller than r 0 (why) f 

Example I 

EstimaLe the size of Ag atom, given density of Ag—10 g/cin 3 and 
atomic mass of Ag—108 
Solution 

From equation (8) 

r-( M Y /3 
V 2t T N cl) 

where d = ~y 

— 10 g/cm 3 
N = 6.023 x 10 33 

M = 108, r=Radius of Ag atom. 

Substituting these values in the above formula, one finds 

_ 108x1000 _ 

2X — X 6.023 X 10“ X 10 

r = 1.4 x 10 _B cm 

Questions 

1. How will you measure the distance between the moon and the earth ? 




2. How will you show that the nucleus occupies a very small fraction 
of the total volume of an atom ? 

4.1. Dimensional analysis 

It has been noted in article 1 that derived quantities can be 
expressed in terms of fundamental quantities like mass, length, time, 
current, etc. Let us suppose M, L, T, and I are chosen to be the dimen¬ 
sions of mass, length, time and current respectively. Hence 

| velocity [ = | displacement/time j 

= L/T =■= LT- 1 

| density | — | mass/volume j 

= M/L : ‘ 

= ML- 3 

| pressure | = | force/area | =MLT~ 2 /L3 
= ML- 1 T- 2 

| angle in radian | — | arc length/radius | 

= L/L = 1 

(Hence we find angle to be a pure number) 

| charge | = | current X time ( 

= IT 

From the examples discussed above it is clear that the dimensions of 
a derived quantity (say, A) will be dependent on some powers of mass, 
length, time, current and so on. To put it mathematically 

1 A | ocM* 
ccL y 

ooT 7 

QCl* 

or Ml =kM x L y T z I w 
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where k is a constant of propoitionulity. 

Eq. (9) is called dimensional equation. 

Hence one can define the powers to which the fundamental units of mass, 
length, time, etc. be raised to denote the dimensions of the physical 
quantity. 

One most important feature of a dimensional equation is what is known 
as dimensional homogenity, i.e. powers of M, L, T, I, etc. on both sides of 
a dimensional equation must be same. 

A glance at Table 3 will give an idea of how difi’eient derived quantilies 
can be expressed dimensionally. Fill in the blanks and check your answers 
from the key on the next page (Table 4). 

TABLE 3 

SI Units for common physical quantities 


Physical Quantity Delimtion Dimension Unit Unit symbol 


velocity 

displacement 

time 

acceleration 

change in velocity 
time 

density 

mass/volume 

force 

mass x acceleration 

work/energy/heat 

force x displacement 

power 

work done/time 

charge 

ampere x time 

potential 

work/charge 

resistance 

potential/curient 

specific 

resistance 

resistance x area 
length 


LT-i 

’ meter/second 

m/s 

ML- 3 

kilogram/mcter 3 

kg/m 1 

— 

newton 

N(-) 

— 

joule 

JC—) 

— 

watt 

W(-) 

IT 

coulomb 

C(=-=As) 

LM , T- 1 I-‘ 

volt 

V(=--J/C) 

ML*T-» I-* 

ohm 

a(=,v/A) 


12 



TABLE 4 


Key 


Physical quantity Definition 

Dimension 

Unit 

Unit symbol 

velocity 

displacement 

time 

LT- 1 

meter/second 

m/s 

acceleration 

change in velocity 
time 

LT-** 

meter 

second 3 

m/s a 

density 

mass/volume 

ML- 9 

kilogram/meter" 

kg/m" 

force 

mass x acceleration 

MLT- a 

kilogram meter/ 
second 2 or newton 

N(= kgm/s a ) 

woik/encrgy/ 

heat 

force x displacement ML 3 T - ’ 

kilogiam nietei 9 
second 3 
or joule 

J(= kg m 2 /s") 

power 

woik done/time 

ML 9 T- 3 

kilogram meter 1 
second" 
or watt 

W(= kg mVs") 

charge 

ampercxtime 

IT 

coulomb 

C(= As) 

potential 

work/charge 

ML'T-* I- 1 

volt 

V(= J/C) 

resistance 

potcntial/cuircnt 

ML'T -1 I- 3 

ohm 

ft (= V/A) 

specific 

resistance 

resistance x area 
length 

MET- 1 I-* 

ohm x meter 

ft m 


4.2. Application of dimensional analysis 

Dimensional analysis can be used to deduce relationships and to check 
the dimensional accuracy of a deduced expression. 

[i) To check the accuracy of an expression 

To illustrate this statement let us consider cxpicssion for time period T, 
of a simple pendulum given by 

T = 2 *\/j -(10) 

where l is the length of the pendulum and g is the acceleration due to 
gravity. 
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Dimensions of L,H S. = M" L° T 1 I n 
Dimensions of R,H S. = 

= V T 2 

« M n L° T 1 1° 

We see that the dimensions of LHS and RHS arc same hence Eq. (10) 
is dimensionally homogeneous. 

(/'/') To deduce certain fonnula 

To illustiate this we discuss the following example . 

Example 2 

Obtain by the method of dimensional analysis cxpicssioil for the suiface 
tensions a of a liquid rising in a capillaiy tube. 

Solution 

Assume that surface tension depends on the mass M, pressuic P and 
radius r of the capillary tube and the constant k = A. 

We can write a ~ §M V P y i z where x, y, z arc to be determined. 

| surface tension | — | foicc pci unit length | 

= \FH\ 

= MLT-2/L - MT~ a 
| pressure 1 = ML- 1 T~ 2 

Thus dimensional relation for surface tension from the relation given 
above is MT~ 3 =(Mf (ML- 1 T- 2 )* (L) z 

or M 1 L° T- 2 = L~ y + Z T~ 2y 

Dimensional homogeneity demands that powers of M, L and T on 
both sides of the equation must be same. Hence 

x+y = 1, ~y+z = 0, -2 y --= -2 

which gives x = 0, y = 1, z == 1 

Using these values in above equation, surface tension can be given by 
c = \Pr 
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ASSIGNMENT 


1. If in specifying the standard length, the temperature has to be taken 
into account, will the length be still called the fundamental quantity 
for measurement ? 

2. The size of a nucleus is of the older of 10- 15 m, and if it is con¬ 
sidered to be size of an orange, what will be the size of atom on this 
scale, given that order of magnitude of an atom is 10- 10 m. 

Ans. A sphere of 10 3 m diameter 

3 Outline a method to measuie the height of a tall building or a tree. 

4. Which one of the following is used as the standaid for time now and 
why 7 

(a) Vibration of molecules 

(b) Vibration of atoms 

(c) Vibration of the pendulum 

(d) Motion of earth round its axis 

5. Estimate the radius of a gold nucleus when an a panicle of eneigy 

6 Mev (1 Mev = 1.6 X 10 -1 '* joules) is incident on its centie and 
gets scattered through 180°. (Atomic number of Au = 79, 
k = 9 X10° Nm 6 7 2 /C 2 , e = 1.6xlO- 10 C.) Ans. 6.1xl0- M m 

6. A stellai spectrum is photographed on the same plate and with the 
same spectroscopic equipment as the spectrum of a certain 
comparison element in the laboratory. One hydrogen line has a 
wavelength of 6562.8A° and if the corresponding Fiaunhofer line in 
the stellar spectrum falls at a location corresponding to 6564,2A°, 
determine the velocity of recession of the star. (Given c = 3 X 10 8 m/s) 

Ans. 64 km/s 

7. The velocity of sound waves through a medium may be assumed to 

depend on (1) the density of the medium d (2) modulus of elasticity 
E. (Modulus of elasticity is a ratio of stress to strain where stress is 
force per unit area and stiam is the ratio of elongation to original 
length). Deduce by the method of dimensions the formula fo r the 
velocity of sound, Ans. U = k\/Ejd 

8. Check the accuiacy of following equations by the dimensional 
method, where the symbols have their usual meaning. 

(a) v = u-[-at 

(b) v 2 = tf+las 

(c) j = ut+\at 2 
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9. Force of attraction F between two masses m, and separated by a 
distance r is given by the foimula 


F — G 


n? ,111-. 

r~ 


wheie G is umvcisal gravitational constant. Determine the 
dimensions of G. Ans, M _1 L n T~ a 


SELF ASSESSMENT 

1. Check the dimensional accuracy of the following equations : 

(a) eV = |/nv 4 ; 

where c = electronic charge 

V = voltage, m — mass of the electron, v - - velocity of the electron 
(b) F S — Intv 2 — wheic E -- force, S' -- distance 

2. Deduce an expression for the frequency ti of the tiansverse vibration 
of a stretched string assuming // depends on (i) length of the vibra¬ 
ting segment L (li) mass pci unitlengLh in of the stung (ni) tension T 

3. Name distances corresponding to each of the following 
(0 ICHhn (il) I0-°m (m) 10~ 2 m (iv) 10 ;, m (v) 10 u m 

4. Estimate the size of copper atom, given the density of copper as 
8890 kg/m 3 and its atomic mass 63. 

5. Describe one method to determine the distance of a near star from 
the earth. 
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PREFACE 
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of the Central Board of Secondaiy Education. A booklet wherein IGSI is 
described is available under a separate cover. This unit contains an 
introduction for motivation, arousing interest, and to link the present unit 
to preceding and next units. The objectives given in this units aie the 
expected learning outcomes, stated discretely so that the pupil will know 
what to master. Several questions and problems are included to aiousc 
cuuosity so that the pupil is encouiaged to think cieatively These units 
arc suited foi self study with occasional help from a tutor. However, 
pupils following the traditional system may also find these units useful 

In preparing the draft of this unit I was assisted by some teacheis and 
Shn Partha Goswami, who worked as a Junior Project Fellow on this 
project. 

At this stage this unit is an experimental edition. I will welcome any 
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New Delhi 
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INTRODUCTION 


Applied Mathematics plays a key role in verifying physical facts and 
provides us mathematical form of a physical concept In the present unit 
we intend to give you working knowledge of calculus (a branch of mathe¬ 
matics developed by Lebnitz, Newton, etc.), whose application has become 
almost inevitable in studying lower as well as higher physics. You will find 
the various concepts discussed here very useful in understanding the contents 
of subsequent units. You will also study and solve problems based on 
equations of motion which coincide very nearly with the problems faced 
in practical life. The problems in kinematics are directly related to the 
concept of vectors because these problems involve velocity, acceleration, 
etc, This unit is probably not very interesting, but don’t ignore it as this 
is the foundation. 


OBJECTIVES 

To be able to 

1. Differentiate and integrate simple algebraic functions. 

2. Derive equations of motion in straight line with the help of 
integration. 

3. Solve problems involving calculus and equations of motion. 


SUGGESTED READING MATERIAL 


1. Differential calculus 

In mathematics we come across various quantities which can be divided 
into two classes, viz, constants (1,2,3, etc.) and variables {x,y,z, etc.), 
Variables are of two types, viz. independent variables (represented by x) 
and dependent variables (represented by y) In a simple experiment of 
plotting temperature variation against time, one notices that as the time 
changes so does the temperature and not vice versa. Hence time is an 
independent variable. 



A mathematical relationship between independent variable .v and 
dependent variable y is called a function and is symbolically represented as 

>■=/(*) 

i.e. y is a function of x, e.g. 

y=x i +bx-\-c : Algebraic relation 

>>=sin .v : Trignometric relation 

y— log« -v 1 Logarithmic relation 

and so on. 

By the limiting value of a variable, e.g. limit x-»-l (A is tending towards 
one) we mean either .v is very slightly greater than one or .v is very slightly 
less than one but it can never be exactly equal to one. So if, limiting value 
of function 

Lim T -1 
v->2L .v—2 J 

is being [asked to calculate, obviously wc are not interested in exact 
value. But here is a minor hitch because if you put .v - 2, to evaluate the 
limiting value of the function (,v s —4)/(.v~2) as x is tending towards 2, we 
get division by zero (which is never allowed). Hence to get rid of this 
difficulty we proceed in the following manner. 


Lim / Jc a —4 \ Lim r (.v+2) (x—2) 1 
x~>\x~ 2 ) ~x^2[_~ ' 0-2) J 


Lim (,v+2)- 2|-2-4 
x-+2' 


Problems 


Evaluate the following limits 


0 ) 

Gi) 


Lim r ax iJ t-bx-Vc T „ . 1 TT _\ 

, ,, , -— rr~ [ Hint:Put »v= ■—, Hence as .v->-cc, v-»-0 ) 

x-+cc L clx iJ t-ex+f y’ J 

Limp x 1 -^ I 
x—a J 


Consider a particle moving along the X axis as shown in Fig. 1, The 
curve m Fig. 2 is a graph of its co-ordinate x as a function of time t. At 
a time t { the particle is at point A in Fig 1, where its coordinate is Xj. and 
at a later time f a it is at point B, whose co-ordinate is x a . The corresponding 
points on the coordinate-time graph in Fig. 2 are lettered a and b. 

The displacement of a particle as it moves from one point of its path to 
another is defined as the vector A* as in Fig, 1 The vector AB of mag¬ 
nitude x a —Ax, is the displacement. The average velocity of the 
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Fig. 2. Coordinate-time graph. Slope of the chord ab (tan a) equals average 
velocity between and t 2 . The instantaneous velocity at point a is equal to the 
slope of the tangent at point a (tan (5), 


particle is defined as the ratio of the displacement to the tunc interval f a — 
h- At. We shall represent average velocity by v (read as v bar) as 


x 2 — __ A* 
t 2 —h A t 


U) 


In Fig. 2, the average velocity is represented by the slope of the chord 
ab (slope of the line ab is tangent of the angle that line ab makes with 
positive direction of t axis, which is tan a) 
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The average velocity as defined above, depending only on the displace¬ 
ment and time interval between A and B, docs not tell anything at all about 
the motion between A and B. The actual path between A and B could 
be a straight line or a curve. The motion could have been steady or 
eratic. For example, if a man starts from his house, goes around the 
world and returns to his house, his average velocity will be zero because 
his displacement is zero for the time he takes for (he trip. The motion 
can be described in greater details if we measure velocity at several points 
between A and B. If the average velocity turned out to be same between 
any two points on the path, you may conclude that the particle moves 
with constant velocity, that is, along straight line at a uniform rate. Tf the 
path of the particle between A and B isacurvcthen, in general, the average 
velocity measured at difTeient time intervals will be different. The velocities 
for shorter time intervals will then describe the motion in greater detail and 
ultimately wc may want to know the velocity at each instant, called the 
instantaneous velocity. For the motion shown in Fig 2 wc determine 
A-v/A^ for time interval — ty), (t.f — t{),(t z " —t t ), etc and for the time 
interval approaching zero in the limiting case The instantaneous velocity 
at A is defined as 



which gives the tatio A*/A^ when B approaches A or when /\t->0. In 
the notation of calculus it is written as dxlclt and is called the derivative of 
x with respect to t. 

The magnitude of instantaneous velocity is | dxlclt | which is called the 
speed. You can see that as b approaches a, in the limiting case, when 
At->0, chord ab becomes tangent at a and gives the direction of the 
instantaneous velocity. Thus the slope of the tangent (tan $) at any point 
(or derivative) of displacement-time graph gives the instantaneous velocity at 
that point. 

In ceitain special cases, the velocity of a moving body changes continu¬ 
ously as the motion proceeds. When this is the case the body is said to move 
with accelerated motion, or to have an acceleration. 

Let v a and be the instantaneous velocities at points B and A having 
time co-ordinates t 2 and respectively Then the average acceleiation bet¬ 
ween A and B is the ratio of change in velocity, /\v ”V a —V[ and time in¬ 
terval Ai'=*‘ 2 —-fi 



0 a) 
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The instantaneous acceleration of the body, that is, its acceleiation at 
some instant of time is defined in a similar way as instantaneous velocity. 
The acceleration vector is defined as 

Lnn dv 

A«o[&rJ“-5T - (3b) 

In the language of calculus instantaneous acceleiation is the fiist deriva¬ 
tive of velocity with respect to time The direction of the instantaneous 
acceleration is the limiting direction of the vector change in velocity, Av. 
Taking cue fiom discussion in the case of instantaneous velocity, one can 
considei the instantaneous acceleration at any point of the velocity-tune graph 
equal 10 the slope of the tangent to the graph at that point. 

Now we are in a position to gencialise the concept of differentiation 
Let us suppose we have two variables and ,'y whcie y is a functionot x 
which is written as 


y=f(x) 


Let us give small increment fax to x and corresponding increment in y 
is ky 

or y+ Ay--/OH- A-v) 


then 


The above 


Lim f(x+&x)—f (x )~l = Lim r A_y 

&x-*0 L A-'" J Ax-+0 L A*_ 

Lim r,A iS ( 5 rs t differential coefficient (or 

A*-*0l_A-O dx 


-(4) 


derivative) 


ofy with respect to ar, and it gives the rate at which y varies with respect 
to x at any point ( x, y) in the graph y~-f(x) Hence we come to the con¬ 
clusion that the derivative is a rate measurer and Eq (4) gives the definition 
of first derivative of y with respect to x. 

Let us now find out differential coefficient of a function y~f(x)= x n (5) 

where it is a positive integer. The method that will be adopted is known 
as differentiation from first principle (ab initio). Let us give small in¬ 
crement A* in x and corresponding increment in y is /Sy 

JH-AJ^-OH-A-v)" ..(6) 

Subtracting Eq. (5) from Eq (6) 

Ad- (a- 1 A*)" — X" -(7) 


$ 



Expanding (x+A*)" by Binomial theorem-}- for positive integral index 
one gets Eq. (7) as 

Ax+” CoX"- 2 (Axj 2 +... +"C r x n - r (Ax)' 

+ •• (A*)"]—...(8) 
where "C is combination of n things taken r at a time 

or n Cr— f here 11 1 ==1 - 2 - 3 .O'— 1 ) » ( 9 ) 


Dividing both sides of Eq. (8) by Ax, one gets 


| "CjX"- 1 n C i x n - 2 Ax +... -I (Ax')” -1 | 
Taking limit of Eq. (10) as A*-»-0 we get 


...( 10 ) 


Lim Ay _ dy „ Cx n- 1 
Ax—)0 Ax ~ dx' lX 

But "C^-n [Refer to Eq. (9) ] 

hence (x n )—nx "- 1 

dx 


...(H) 

...( 12 ) 


Similarly one can show that even if n happens to be any rational number 
the result, Eq. (12) will be valid. 


Other derivatives are found in a similar way. Some important results 
are given below for your use. 

(1) If c is a constant 



t Binomial theorem for +ve integral index states that (n+x)", where n is 
positive integer, can be expanded as (a+x)''=-tf , +"C 1 a”- 1 x+ . A - "C r 
a"~ r x r .+x' 1 . You will learn about this theorem in your mathematics 
class For this unit you may assume the expansion It is used to give 
you a feel for derivative but you will not be tested on this in this unit. 
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Question 

Calculate (x 2 ) 

Ans. 2x 

Example 1 

A particle moves in such a way that the distance s, in meters, tra¬ 
velled by it varies with time t, in seconds, according to the relation 
s = at-\-bE where a =* 20 m/s and b = 5 m/s*. Determine the velocity of 
the body at time t=4 seconds and show that in this case acceleration is 
independent of time. 

Solution 

Velocity of the body v is given by 

<"+ **> 

=1 “">+ 1 < w '> 

- 1 - 

=a+2bt =1 and 4r 2 
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Hence velocity after a lapse of 4 seconds is 

V — «+2/p>;4 
/ = 4s 
- 60 m/s 

and acceleration, a- ~ - («+2/> O' («) + ~^-(2b t) 

*-0-h 2 bS- 2b X 1 
—10 nds 2 

Hence acceleration is independent of time and the motion is uni¬ 
form. 

Problem 

If the velocity of a particle after t seconds is 30 m/s, calculate / if the 
distance r is given by 

s-at 3 +bt‘ 1 -\-ci-^d. 

wlieie a = 3 m/s®, 6 = 4 m/s 2 , c = 5 m/s and r/ = 6ni 
Also calculate the acceleration at time 3 seconds. 

2. Integral calculus 



X 


Fig. The area under the curve represented by y—f(x) fioni .v=.'. 1 to A=.\- a is equal 
to the sum of areas of strips yi A */ from y= r x to a=y 2 , When a xt becomes 

X — Xi 

infinitesimal —dxf the total area becomes equal to I y dx. 
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Suppose we want to determine area A under the curve y=f (x) from 
x=x 3 to x=x lm 

Let us take a small segment of thickness A*»> corresponding ordinate is 
j>( as shown in Fig 3. The strip thus obtained is a rectangle whose (one of 
the) shorter sides will coincide very nearly with the curve and its area will 
be thus, Ai=yi A 

Let us imagine the whole area to be made up of many (say n) such 
strips. 

The total area A will be approximately given by sum of areas of these 
strips. 

A=y 1 t\Xy- s ry 2 Ax a -t .yi A*/+ .y n AXn 

n 

or A=S y, A*i 

i=i 

Where index i runs over 1 to n and 2 stands for summation. 

It is an approximation because one of the shorter sides of the strips does 
not exactly coincide with the curve y—f (x). 

In order to have better approximation we make A*» smaller until it 
becomes infinitesimal, i.e AXi->dxi. The area of ith strip is y, clx % and 
the number of strips becomes very large. This sum over all these very large 
number of strips is called integral and is represented by the symbol J'. 

Thus the area becomes 

x—x 2 

A= \y dx 
x=x L 

X=X 2 x ‘2 

The expression J y dx, often written as j ' y dx simply means that the 
x---Xi x x 

areas of all the strips vj dxt (or y dx) between x— Xj and x-—x„ (or between 
X, and x 2 ) have been added to give total area. Thus 

' 4 “ /•>'* ..12(a) 

Xi 

This process of addition is called integration. 
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One most essential condition for the Eq. (12a) to be valid is that the 
curve y fix) must be a continuous curve (i.e with no jumping or disconti¬ 
nuity, at any point as shown in Fig. 2), Hence integration stands for 
summation of a continuous variable Yet another interpretation of integra¬ 
tion is that it is the reverse process of differentiation . To illustrate this let 
us consider the motion of a particle under constant acceleration a having 
velocities iq and v 2 at time t x and t« respectively as in Fig 4. The area 
under the curve from t x to h, is same as the area of a rectangle of height 
a and base (/„—/,) which is a (t ..—/,). This has been defined as 

U 

| a dt 

h 

which from Eq. (3b) gives change in velocity. Thus by integration we 
have found change m velocity knowing acceleration as a function of time. 
This is reverse of differentiation where we find acceleration knowing 
velocity as a function of time. 

A 


t 

Fig. 4. Acceleration-time graph of a particle moving {with constant acceleration. 
The area under this curve from t—t t to t —ti gives changes in velocity during 
this time interval. 


In general starting from dyjdx a processs of finding y- f {x), is called 
integration. Putting it mathematically 
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[then y =| <f>{x ) dx + Constant 


In order to show how integrations are to be performed with elementary 
functions, let us take a specific example. We know that 


-(x' ,+1 ) = (n+l) x n 


or 


or 


dx 

i/(x n+1 )=(«+l)x n dx 
d{x "+ 1 ) 


n+l 


-=x n dx 


Integrating both sides of the above equation, we get 
<f(x n + 1 ) 


\ x ' dx - f 


n+1 


+ K 


(12b) 


•03) 


.(14) 


Since integration is the reverse process of differentiation, f (integration) 
and d (diffeientiation) will cancel each other like (log) and (anti log) cancel 
each other. Hence we get Eq. (14) as 

S n,x ‘-f. pr+* -05) 

where an integration constant K has been added because in Eq. (12b) 

had it been (x n+1 + K) instead of ^~(x n+1 ), even then we would have 

got same R H.S, as in Eq. (13). The value of K can be determined from the 
initial conditions. 

Eq. (15) is called indefinite integral. 

If in Eq. (15) we specify the limits of integration say from #=*! to 
x=x a as we have done in writing the expression for area + in Eq. (12a) 

then the integral becomes 

x=x a 
Jx" dx 
x=x 1 



This is a definite integral because the limits of 1 integration are known 
x=jc 2 f 1 x 2 

r jj.n+1 

r d *= Tpr -a< 


Note that no integration constant appears over here. Why? 

R.H.S. of Eq. (16) can be evaluated by substituting x 2 in place of x 
followed by substitution of x a in place of x with a minus sign m between. 


...(16a) 


X " +1 


X " +1 

n +1 


«+l 


r 1 

I x » n+ 1 __ ag "* 1 | 

~ L n+1 n+1 J 

An example, perhaps will make the idea clear. 
Example 1 

2 

Evaluate J" ^ 


“[-f-4 ] - Hr 

Let us evaluate more integrals. You know that 

(sin x) = cos x 

hence cos x dx ~ d (sin x) 

or J cos x dx ~ J d (sin x) -(- K 

or J cos x dx *= sin x + K 

Similarly (cos x) = —• sm x 


...(16b) 
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...(16c) 


sin x dx — — d (cos x) 

/sin x dx — — / d (cos jc) + K 
/sin x dx — — cos x + K 
We have also given that 


_d_ 

dx 

dx 

x 


(log x) 

= d (log x) 


“J d (loe *> + 

| =logx + K 


Example 2 


In calculating moment of inertia of a circular disc of radius r, 
we come across the integral 
r 

I — J 2am x s dx (where 2n m is a constant) 

0 

Evaluate the above integral. 

Solution 

Integral 

r 

I — J lam x*dx 
0 


Since 2w m is a constant, it can be put outside the integral 
r 

I — 2-rrm J A - * dx 
0 


= 2n m 


M 

[* 4 / 4 ]q >P ut 


In order to evaluate j 
first r in place of x and then 0 in place of x and subtract the two. 
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I =r 2i tm ^r 4 /4—0 4 /4 J 

— 27mir 4 /4 — /nr 4 . 

Example 3 

In calculating escape velocity of a projectile we come across the integ¬ 
ral 


/ = f ; where k is a constant 
J X“ 
r 

Evaluate the above integral. 

Solution 


OO 



hence /=(-£) [-L]~ 

7= ( - fc) [^J] 

/ =- (_fc) (- l/r) 
hence / = /r/r 

Problems 

Evaluate the following integrals : 

(0 (//) | kx*clx 

a .1 

0«) | kx dx (iv) J 2-\fx dx 
o o 
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3. Derivation of equations of motion in a straight line 

You are already familiar with the equations of motion in a straight 
line, viz, 

v =- u + at 

v 2 = w a +2 as ,..(16d) 

s = ut + \at z 

where u = Initial velocity at t = 0 
v = Final velocity at t — t 
a — Acceleration (constant) 
s = Distance travelled 

Let us now deduce them again with newly acquired knowledge of 
calculus. 


(i) Prove v = u + at 

You know that the rate of change of velocity equals acceleration, i.e. 
dv 


or J dv = a J dt + K 

v = a J dt + K 

v — at K ...(17) 


To determine K let us use the initial condition that the motion starts 
at t — 0 when v=u. Substituting this in Eq. (17) we get 

u = axO + K or K — u 

Substituting the value of K in Eq. (17) we get 

v—u + at ...(18) 

(ii) Prove s = ut + } at 2 

ds 

Using v = — in Eq. (18) we get 



J ds — J (u + at) dt 
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s --- ] u dt + J at dt 
s — u j dt+ct / t dt 

s ~ ui + J at s -(- C ...(19) 

Using the initial condition that at t — 0, .v — 0, i.e, particle is at origin 
at t = 0, in Eq. (19) we get 

0 = u X 0 + £ a 0* -|- C. 

hence C ~ 0 

Substituting the value of C in Eq. (19), we get 
s —- ut + | at 3 

.( 20 ) 

(iii) Prove v 3 — u* + 2 as 
We know 


a - 


dv 

dt 


A little manipulation will yield 
a -- 


a — 


J v — J* a 


dv 

(jo 

_ _ (Hnw 

ds 

V.n-OW () 

dv 

ds 

v (Since (l J r 

a ds 



- V) 



v 2 V 

s 

or 

—-* = 

as 


2 u 

0 


V a 1/2 

or -_ r _ r= , a5 


or v* — u* + 2 as 
Question 


...( 21 ) 

...( 22 ) 


Why have we not put constant of integration /6inEq. (21)7 Have we 
used the initial conditions 7 

Example 4 


A person driving at 60 km/h finds a child on the road 30 m ahead. 
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He immediately stops the engine and applies brakes to stop the car within 
5 metres of the child. Find retardation and time required to stop the car. 

Solution 

Initial velocity of the car u = 60 km/h 

60 x 1000 
“'60 x 60 m / s 

50 

=— m/s 

Distance travelled before coming to rest s -- 25 m 
Final velocity of the car v = 0 
Retardation = — a (?) 

Out of the three formulae derived before the formula that gives desired 
result is 


v 2 = h 2 -|- 2 as 


a — 



2500 

9x2x25 


m/s a 


From the formula 


—g~ m/s a (—vc sign shows that 
vehicle is being retarded) 


v = « -f- at 


0 e=- u + at 


or 



50/3 
50/9 S 


=■ 3s 


Example 5 

Velocity is given by the formula v — (a t -f b) where a 2 m/s z and 
b — 1 m/s. If the particle had started from rest, find the distance travelled 
when t — 4s. Also show that the particle moves with constant acceleration. 

Solution 



ds = (at + b) dt 
/ ds — a / tdt + b J - dt + K 
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.v - ~ f bt -I- K, 

at t — 0, s ~ 0, above equation gives K -- 0 and we get 



Hence distance travelled in 4 seconds 



(4 a -f 4) m -- 20 m 


Acceleration 


ilv 

~dt 



{at -1- ft) 


4- 0 


a — constant 


4 Motion under gravity 

When a ball is thrown in the upward direction or when it is dropped 
from some height, as you know, it is acted upon by a constant acceleration 
(due to gravity) whose magnitude varies from place to place, 

If g stands for acceleration due to gravity, the equations of motion 
given by Eq. (16d) will be slightly modified by using a~g. The formulae 
will be 


V = u + gt 

., (22a) 

v a -= « a -\- 2gh 

...(22b) 

h ~ ut + l gt a 

(22c) 


Where h stands for the height from the earth’s surface. Normally positive 
sign is used for vectors in the vertically upward direction whereas negative 
sign is used for vertically downward vectors. 

Let us study the motion of a ball thrown vertically upwards from the 
top of a cliff with a velocity of 29.4 m/s as shown in Fig. 5. Equations 
(22a) and (22c) will give its velocity and height at every instant of time, 
t and equation (22b) will give its velocity at each coordinate. You 
may assume g to be constant (magnitude 9.8 m/s 3 ). Since the cause of 
acceleration due to gravity, in this example, is pull of the earth, 
it always acts in downward direction which is considered negative. 
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Therefore g— —9.8 m/s 2 . As the bail goes up, this deacceleration slows 
it down until it reaches the highest point where velocity is zero. This is 
shown by arrows of gradually decreasing lengths in Fig. 5. 


v=0 

t=3s 44m 



Fig. 5. A ball is thrown vertically up with a speed of 29.4 m/s. Its velocity (represented 
by arrow) and height (using arbitrary scale) at different times are shown At its 
highest point/=3s velociy is zero but acceleration remains the same at all 
points. The acceleration vector is shown only at /=3s 
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Question 

Is acceleration zero at highest point ? A.ns. No 

Beyond the highest point both acceleration and velocity are downwards 
and the ball’s speed increases as time passes Let us compute the speed and 
height one second after the ball leaves the hand. Using Eq. (22a) and 
Eq. (22c) we get 

v — 29.4 m/s + (—9.8 m/s 2 ) Is — 19.6 m/s 
and h - (29 4 m/s) Is + | ( - 9.2 m/s 2 ) (Is) 2 - 24. 5m 

Question 

Compute the velocity and height at t = 2s. Verify your answer from 
Fig 5. 

To determine the height at which velocity is zeio (maximum height) you 
may plug numbers in Eq. (22b) which gives 

0 = (29.4 m/s) 2 + 2( —9.8 m/s 2 ) h 

r (29.4) 2 A A 1 

or /l = BT9T m = 44 ‘ lm - 

Next let us determine the velocity at t — 7s. Eq. (22a) gives 
v = 29.4 m/s +( — 98 m/s 2 ) 7s 
——39.2 m/s 

The negative sign implies that velocity vector is downward. We can 
determine the height at t = 7s from Eq. (22c) 

h = (29.4 m/s) 7s + .] (—9.8 m/s 2 )(7s) 2 

= —34.3 m. 


Question 

What is the significance of this negative sign ? 

Fig. 5 shows complete motion of the ball. The velocity changes at the 
rate 9.8 m/s in every second. But Eq. (22c) is a quadratic, What is the 
physical interpretation of two roots. As the ball falls down its average 
speed inci eases. Therefore, as you can see from Fig. 5 for example, the 
ball travels a longer distance during the fourth second than it travels in 
the third second. 
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Question 

Compute the distance travelled during the fourth and the third seconds. 
Example 6 

A ball is thrown vertically upwards with a velocity of 30 m/s. When 
will it come back to the ground 7 What is the maximum height attained by 
the ball ? (Take g = 10 m/s 2 ) 

Solution 

Velocity of projection, u = 30 m/s 
Maximum height attained by the ball = h max 
Velocity at maximum height, i> =. 0 

Acceleration due to gravity, g — 10 m/s 2 (negative sign indicates that 
g is always down) To determine the time taken to come back to the 
ground you notice that for this journey li — 0. IfTis the total time, Eq. 
(22c) gives 

0 = (30m/s) T—\ (10 m/s 2 ) T 2 
which gives T -- 0s or T — 6s 
How will you interpret these two answers 7 

Applying the formula v 2 — u 2 —2hg to motion from start to the highest 
point, we get 

0 — (30m/s) 2 -2 (10m/s 2 ) 
or hmax — 45m 

Question 

1. Show that for a ball thrown in the veitically upward direction with a 
velocity u 

(a) Maximum height attained is w 2 /2g 

(b) Time taken to attain maximum height is (u[g) 

ASSIGNMENT 

1 A boy throws a ball over a wall 10 m high. If the boy stands very near 
to the wall, what is the least speed at which the ball can leave his hand? 

Ans. 14 m/s 

2. Find the area under the curve y = 2x 2 + 3x + 5 from x = 0 to .v = 1 

Ans. 5.8 units 

3. Determine the velocity and acceleration of a body at time t — 3s whose 
distance s varies with time according to the formula. 

s — at 2 + bt + c Ans. (6a + b) and 2 a 
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4. A ball is dropped from a tower 100m high. At the same instant 
another ball is thrown up with a velocity 20 m/s. When and where will 
they meet ? (g =- 10 m/s a ) 

Ans, After 2 32s at 73.2 m from the ground 

5. Evaluate the integral J (ax 2 + bx- f- c) dx 

nx /; y 2 

Ans. 4- 2 — Tc.v + constant 


SELF ASSESSMENT 


1. A stone is dropped from a rising balloon at a height of 300 m above 
the ground and it reaches the ground in 10s. What was the velocity of 
the balloon at the moment the stone was dropped 9 

(Hint • If the balloon was rising with velocity u, initial velocity of the 
stone is — n) 


2, (a) Show that time required to attain the maximum height for a stone 
thrown upwards with a velocity u is same as the time taken to 
come back to caith’s surface fiom the maximum height. 

I (Hint : Assume t and T to be time of ascent and descent respective¬ 
ly and apply the formula h — ut -|- l gt B , where resultant 
displacement h is zero. (Why ?) 

(b) If a ball thrown in the upward direction comes back to its point 
of projection after 6 seconds, determine the velocity with which 
the ball was thrown up, and maximum height attained by the ball. 

3., The distance travelled by a body vanes with time / according to the 
formula 

s — at + bt 2 


where a — 20 m/s and b — 9.8 m/s 2 

Determine the velocity and the acceleration when t — 3 seconds (Given 
at t — 0, velocity — 0). 

4. If acceleration a of a body vaiies with time t according to the relation 
a =. V f-f-1 determine the velocity of the body when t -- 2 seconds 
(Given at t = 0, velocity — 4 units). 

5. A person driving his mobike at a speed of 65 km/h sees a barrier on 
the road ahead at a distance of 15 m. He immediately applies brakes 
thereby producing a retardation of 2 m/s 2 . Will he be able to save 

6 . 
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INTRODUCTION 


It is a common experience that in order to catch a moving bus, one has 
to run for sometime in the direction of motion of the bus before boarding 
it. One always jumps out of a moving bus, in the direction of motion of 
the bus. A swimmer pushes the water backward to move forward. When 
you play carrom board you see that the striker gives motion to the lower 
wooden com whereas the com lying over it continues to be at rest. Do you 
know the explanations of all these observed phenomena ? In the present 
unit you will study the laws involved in the above phenomena, which 
are called Newton’s laws of motion. In the preceding units, you have 
studied the motion of a paiticle, with particular emphasis on motion along 
a straight line. In the present and few subsequent units we will discuss 
the causes of motion of a particle, if the particle with known initial velocity 
and charactei istics lie. mass, charge, etc.) is placed in a surioundingof 
which we have a complete description By suirounding, of course, we mean 
other bodies which can effect the motion of the particle, e g. for a ball 
rolling on a suiface, surrounding is the rough surface and air. Newton’s 
laws to be studied in the piesent unit cannot be tested piecemeal. Its 
importance however, is due to the icasons that results yielded by these 
laws agree with experiments and laws are simple in form, 


OBJECTIVES 


To be able to 

1. Apply Newton’s laws of motion in various problems. 

2. Define force qualitatively and quantitatively on the basis of 
Newton’s first and second laws respectively. 

3. Define inertial and gravitational masses. 

4. Distinguish clearly between sliding and rolling friction and apply 
laws of friction in solving problems. 
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SUGGESTED READING MATERIAL 


1.1, Newton’s first law of motion 

Suppose you leave a book on a table after reading, the book on its own 
will not move unless it is disturbed by somebody else in your home. 
Let us take a rough plane and allow a smooth ball to roll over it. It will 
move through a rather small distance before coming to iest. If we polish 
the surface, it will move through greater distance. It is obseived that the 
more the polishing is, the greater will be the distance covered by the ball 
This leads us to conclude that had the surface been perfectly smooth, ball 
would have been rolling for ever These observations, if generalised, can 
be stated as follows: 

“A body ut rest or in uniform motion in a straight line continues to 
preserve its state until and unless it is acted upon by some external agency 
(or force)." 

This was first discoveied by Galileo and adopted by Newton as the first 
of his three laws. The continuation of state of rest by a body in the 
absence of an external agency is very easy to believe wheicas preservation 
of the slate of motion involves making a body free from all the influences 
of its surrounding as in case of smooth ball rolling on smooth surface but 
we can’t make it vanish. Hence a little extrapolation (or use of inductive 
logic) of the observation of 'smooth ball rolling on a smoother surface’ is 
needed to understand it. 

The fact that bodies stay at rest or retain their uniform linear motion 
in the absence of applied forces is often described by assigning a property 
to matter called inertia. The ineitia preventing the body at rest to change 
its state is called 'inertia of rest’ and inertia preventing the body muniform 
motion to change its state is called‘ineitia of motion’. First law is 
often called as iaw of inertia’. Perhaps, an ‘activity’ will make the 
concept clear. 

Take a tumbler and put a card board over its mouth, Now put a coin 
on this card board as shown in Fig. I. Give a hard horizontal blow 
(sudden motion) to the card board with the help of your fingers. What do 
you observe 7 You will observe that the coin, due to inertia of iest, tends 
to remain at rest. It does not move horizontally but falls into the tumbler. 
The sudden motion of the card board on which the coin rests, exerts no 
large force for appreciable length of time. 
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Fig. 1 A coin is placed on a cardboard covering a tumbler. 

A person sitting in a stationary vehicle gets pressed against the rear if 
the vehicle starts off all of a sudden. This happens because the lower part 
of his body acquires motion along with the vehicle, whereas uppei part, 
due to inertia of rest, tiics to remain at icst. A person sitting in a moving 
vehicle gets pushed towards the tiont, tf biakes are applied all of a sudden. 
This is due to inei tin ot motion. Along with the vehicle lowei part of the 
person comes to lest whereas upper part still tries to maintain its state of 
motion 

Questions 

1. In order to clean a blanket, why do you strike it with a stick 7 

2. While getting down from a moving bus why arc you advised to move 
in the forward direction ? 

Few othei important facts concerning first law can be listed as follows : 

(rt) There is no distinction between a body at rest and one moving 
with a constant velocity. Both stales arc natural in the absence of 
forces. 

(b) There is no distinction between the absence of all forces and the 
presence of forces whose resultant is zero. Hence more general 
way of stating fust law is • 
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If no net force acts on a body its acceleration is zero, i.e. velocity 
is constant, zero or finite This means that either the body is at rest or 
moving with uniform motion. 

(c) The first law piovides us a qualitative definition of force. “Force 
is an external agency which changes or tries to change the state of 
rest 01 unifoim motion of a body.” 

1.2. Force anil mass : Newton’s second law of motion. 

As it is cleai from the foregoing discussions that the effect of appli¬ 
cation of a foiee F is invariably to produce some acceleration a 

To investigate the relationship between F and a we place a mass m 
on a horizontal table having negligible friction and attach a spring to it as 
shown in Fig 2. 




Fig 2 A block is pulled by applying foicc on a sprain 

Now we pull the spring horizontally to the light and measure a 

Next we double the stretch of the spnng (doubling the foice) and find 
that the acceleiation also doubles. On making the force (or stretch) three 
times, we find that the acceleration becomes thice times. Thus we conclude 
that the acceleration is proportional to force for a given mass (a oc F, m 
constant). The next question is what effect would this force have on 
different objects ? Everyday experience gives us a qualitative answer, i e 
the same force will produce different acceleration on different bodies, e.g 
a small ball will be accelerated more by a given force than an automobile, 
To get a quantitative picture, we consider standard mass m 0 of 1 kg and 
apply some force to it by spring shown in Fig. 2 (which can be measured 
by acceleration a 0 produced). Now we take an arbitraly mass m x and apply 
same force to it; (the one that accelerated m 0 by a ti m/s") We measme the 
acceleration a x of mass m, to find 

~ constant) ...(1) 

a i 

Hence one can define ratio of the masses of the two bodies to be the ratio 
of accelerations given to these bodies by the same force. 
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Theiefore for the constant force 

a oc 1/m (F constant) . (2) 

Combining Eq (I) and Eq. (2) wc get 
a oc Fjm , whete Fund in both are vanables 
01 a — K {Fjm) 

wc take constant of pi op oilionality K — 1 in SI units, thus 

F — ma (3) 

This is taken as the statement of Newton's second law Thus Newton’s 
second law provides a quantitative definition of foice The unit of foice, 
one newton can be defined using Eq. (3) as that force which in a mass of 
1 kg produces an acccleiation of 1 m/s 2 . 

Question 

Show that the first law is contained in the second law. 

1.3 Newton’s third law of motion 

Let us take two spring balances , first one being attached to a hook 
on a wall and the ring of second one is attached to the hook of the first 
one as shown m Fig 3 On pulling the second balance, we notice that 
pointers of both the balances will indicate the same reading in opposite 
directions. 



Fig. 3 Two spring balances are hooked together. One end is attached to the wall while 
the other is pulled by hand Same readings on the two spring balances 
shows that action and reaction arc equal and opposite and act on different 
bodies. 

This shows that the force excited by the fust balance on the sccoud 
balance (action) is equal and opposite to the foice second balance exerts on 
the first balance (reaction) 
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foice on (.he giound (action). Giound reacts by exerting same force in the 
opposite direction (reaction). Reaction can be lesolved into two mutually 
peipendiculai components. Vertical component will i educe the effec¬ 
tive weighL of the boy, wheicas horizontal component will enable him to 
oveicome foice of fi iction and to move in the forward dneclion 
Question 

Suppose a horse pulls a cait foivvaid. The cait pulls the horse 
backwaid as much as the hoisc pulls the cait foiward. How do they ever 
move Explain 

1.4 Application of Newton’s laws 

(a) Motion of a lift 

Let us suppose that a lift moves up with an acceleialion a with a man 
of mass M The man feels a little heavier (i.e his effective weight will 
increase). Why 9 

Since the motion is upwards, we should deteinunc the net upward force* 
acting on the man and equate it to Maas per Newton’s second law Let us 
foi a moment isolate the man and list all foices (Fig. 6) acting on him as 
follows 


Ma 

I 


Fig. 6 A man standing on a lift moving upwaids with acceleration a Theforces acting 
on the man are his weight Mg and icaclion R, 

(a) The earth pulls the man downwards by a foice Mg (this is the force 
of gravity and is equal to his weight). To this action there is a reaction, 
i.e. the man pulls the earth upwards (not shown Fig. 6), but this force is 
on the earth and not on the man. 

(b) The man is standing on the lift which results in some force (action) 
acting on the lift. The reaction of this is an upward force R acting on the 
man. 



7 



Therefore, the net tipw.ud tbiee on the m.m is |A* -l/,i<; which equals 
Ma or 

R—Mg Ma 

Since R Ma. the man feels hensiei 

.Similarly when the lift iiirnes down we ni.iy wide. 
tvfx—ll Ma 

Question 

A man feels lighter when standing on a lilt moving down Explain 
why ‘t 


(b) Problem 0 / /nr/'.wv anti puller 

Let ns conMdei two masses 
A/j and A/ u tied together by .1 
light coul passing ova a fnction- 
less pulley (Fig 7) The mass 
Af l moves upwards 

In oulei to deteimino the 
acceleration a of the system let 
us isolate the mass M 1 L'oioes 
acting upon it tuc T and rVf x g 
wheie T is tension in the siring 
But mass M, moves in the up¬ 
ward diicction. lienee 7’foi the 
mass Af L must be greater than 
A/jg. Thus from Newton’s sec¬ 
ond law 

T — 


Similarly isolate the mass M«. 
Forces acting upon it arc T and 
M,.g as shown But mass M., 
moves in the downward direction 
Thus from Newton’s second law 

M 2 g —7V* M,a .(C) 

On solving equations (5) and 
(6) for T and a wc get 

T 2 M t M a 

M 2 +M t 8 




M 2 g 


Fig. 7. Forces acting on masses Mi and 
tied together by a string going 
over a pulley. 
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Question 

What is the minimum force needed to prevent the pulley from falling ? 
Example l 

While launching a locket of mass 2xlO l kg, a force of 8 x 10° N is 
applied foi 20 s, What is the velocity attained by the rocket at the end of 
20 seconds t 

Solution 

Mass of the locket, m =- 2x 10 1 kg 
Foice applied, F — 8x 10" N 
Acceleration produced, a -=' } 

From Newton’s second law 
F — m a 

a^Fjm — 2 ~ ]q. t m/s- ---40 rn/s- 

Imtial velocity, u- 0 
Acceleration, a -- 40 m/s- 
Timc, t -- 20s 

Final velocity attained, v ? 

Then from the foimula 
v --= u f at 

v -= (0+4020) m/s 
v - 800 ni/& 

Example 2 

A block of mass M is pulled along a horizontal frictionless plane by a 
lope of mass m as shown m Fig. 8 A foice P is applied to one end of 
the rope. 

(a) Find the acceleration of block and lope system. 

(b) Find the force that the rope exerts on the block 


■ 

■H 



Huh 

3 

■ 

fejU 






Fig. 8. Force acting on string-block system. 
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Solution 


(a) A.s shown m Fig. 8 the iope pulls the block b\ a I'oicc T u as arc. \ 
action the block pulls the tope by a force /> such that I' B —y p ; 

On the rope-block system the net horizontal loice is Pandits! 
total mass is (in 1 M) Thcrefoie from Newton's second law; 

I 

P I 

P (in ' M) a oi cl ■——r> I 

in ! M i 

(/;) On the block I'n is the only horizontal I'oicc acting. Hence 

7 ’b - Ma 

Using the above cxpiession foi a, we get 


Question 

Apply Newton's second law to the rope and wi ite down its equation 
of motion. 

Questions 

1. Js iL posssible to pi opel a sail-boat by blowing air from a fan (situated 
on the boat itself) across its sail 7 

2 Undci what conditions will the pull of a lift (mass being fixed) on the 
cable be maximum and minimum 7 

3. A goods tuun has 25 compartments. Will the tension in the coupling 
between the fourth and 
fifth compartments be 
the same as that in thc£j 
coupling between the 
twenty first and twenty 
second compartment ? 

4. A mass of 8 kg is 
being pulled by a puller 
of mass 2 kg as shown 
in Fig. 9. Determine the 
tension T in the string 
and acceleration a of 
the system, 

Fig. 9. A 8 kg mass being pulled down by 2kg puller. 
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2. Inertial and gravitational mass 


Inertial mass 

The constant nun F = ma is ineilial mass Experiment with block 
being accelerated by springs (aiticle 1.2) had shown m as the 
unaccelerability of the body concerned, measurable by its F/a. This 
mass m is a measuie of meitia, the tendency of all mechanical systems 
to oppose change We call it met tial mass and label it in,. 

Gravitational ma-,s 

Quite sepaiatcly from inertial mass we can develop the idea of gravi¬ 
tational mass, the quantity of matter pulled down by a gravitational 
field We assume that the earth olTeis the same field to all comets, 
but we assign different masses to different victims in proportion to pull 
on them This kind of mass is gravitational mass m s . We say that 
different objects have different masses to be pulled on by gravitational 
field. Thus gravitational masses aie, by definition, propoitional to 
weights The gravitational mass of an object determines how hard the 
eaith will pull on it 

When we compaie bodies by weighing we aie comparing then gravi¬ 
tational masses When two objects balance on an equal-armed weighing 
scale, we know then giavitational masses are equal but this observation 
alone does not tell us whether then meitial masses are equal. To bring 
out the connection between them, let us proceed with the following 
argument 

We release two bodies A and B to fall freely Each falls with accelera¬ 
tion g The accelerating force on each is its weight W. Applying 
Newton’s second law, F ----- ma, to each falling body. 


IVa = m‘ A g and W u = m g 


Where F is the eaith pull W, mis the body’s inertial mass in' and a is 
the acceleration of free fall g 


Hence W A jWn - m t /in 

KV : „ 

But by the definition of gravitational m .ss 


W A 

W b 


s 

m A 

u- A 


or 


m 


B 



S* ..._ p — 

......... 





Gravitational masses have the same pi open turn tor A and B, as inertial 
masses 



i 


m 

m 


1 ! 

g 

B 


Therefore the uitio (giavitational mass/inertial mass) is the same for 
A and B, and all other bodies. If we choose 1 kg as unit for both kinds of: 
masses, the ratio becomes 1 and giavitational mass becomes equal to j 
mertial mass for anybody of any si/.e, any mater ial, at any place, ] 

3 Static and kinetic friction 

Suppose a small pull P is applied on a block lying on a hoiizontal table 
(Fig. 10). Foi small applied force the block does not move, which suggests 


N 



Fig 10. A hoiizontal force P being applied to a block, tinough a spring balances,’ 
Force of friction F acts in opposite direction 


that between the surfaces in contact there is a horizontal force balancing 
(he applied force This force is called the force of fiiction. If P is in 
cieased slightly the block still does not move suggesting that the frictional 
force has also increased The foicc of friction inci eases until the block just 
stalls to move The maximum value of force of friction is called limiting 
friction. You know that it is harder Lo pull heavier block than a lighter 
block Expeumenls have shown that this limiting value of the force of 
friction is pioporttonal to the reaction of the table on the block called the 
normal icaction /V because it is always noimal to the table. Thus 

Foe A' 

When two quantities are pioportional, they can differ at most by ft 
constant. We may write 

F = p-s A ...(7) 
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Where /i« is a constant called the coefficient of static friction whose 
value depends on the nature of the surfaces in contact The force of 
friction auses due to irregularities of the surfaces in contact and adhesion 
between molecules constituting the sui faces It always opposes motion and 
is independent of the areas in contact. When the block is on a horizontal 
surface as in Fig. 10, N~W and can be found fiom equation (7). 

The values of jx, are given in Table 1. 

When the block staits moving, the fotce of friction becomes smaller 
than given by equation (7) It is then given by F^fXkN where the new 
constant nk is called the coefficient of kinetic faction. For considerable 
range of low velocities, the force of kinetic friction is independent of velo¬ 
city. Hovvevei, for high velocities, fnction decreases as speed increases. 
Tests on automobiles have shown that force of friction between brake 
lining and brake diurn at 75 km/h is only approximately half that at a 
speed of 25 km/h 

4 . Motion along an inclined plane 

(a) Uniform motion 

Let us considei a block lying on a wooden plank. At small angles 
of inclination the block will not slide down Why f At one 
value of the angle of inclination 0 the block will side down with 
uniform velocity, when all the foices on the block balance. The 
forces on the block aic (a) its weight Mg acting veitically down¬ 
wards. (b) The reaction of the plane N (c) force of Fiction F, 
whose direction is always opposite to the direction of expected 
motion (Fig 11). For convenience let us resolve the force Mg into 
two components, one Mg sin 0 along the inclined plane and other 
Mg cos 6 perpendicular to the inclined plane. Why? Since all the 
forces balance we may write 

Mg cos 0 =N 

Mg sin 0 =F 

On dividing second equation by the fiist, we get 

F 

tan 0 = — =ft, 

which shows that pi is independent of the mass of the block. This 
method is used in the laboratory to deteimine ps. 
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Fig 1J. A block slides down an inclined plane The weight of the block ntg is resol¬ 
ved into a component Mtf sin 0 along the inclined plane and a component 
Mg cos 9 pcipcndiculni to the inclined plane 

(b) Accelerated motion 

If instead of sliding down with uniform velocity the body moves 
clown with an acceleration a then still 
N^-Mg cos 0 

But from Newton’s second law net foice clown the plane 
equals Met. 

Mg sin 0 — F—Ma 
But F—pN—fiMg cos 0 
Using this the acceleration of the body is 
a— g (sin 0—^ cos 0) 

5. Static, sliding and rolling friction 

We know fiom our experience that it requires a lot of force to drag a 
heavy box along the gvound, but a much smaller force vs required to do so 
if we place rollers under the box. This clearly shows that rolling friction 
is much less than sliding faction 

This knowledge has been made use of in attaching wheels to vehicles 
instead of runners as in sledges. The rolling friction of wheels is far less 
than sliding friction of runners. Instead of sliding on the ground, the wheel 
pivots about the point of contact with, the ground. 
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Fig. 12 shows how rolling friction acts. As the wheel presses the 
ground, the surface of the latter is deformed as shown in Fig. 12 A small 
hill is formed continually and the wheel has to ride over it. Thus the 
rolling friction is caused by the deformation produced where the wheel 
presses against the surface on which it rolls. 



Fig 12 Rolling friction between the ground and the wheel The suifnce of contact 
and uphill roll is exaggerated 

The deformation produced is less if the nm of the wheel as well as the 
road surface aic liaid. So in this ease, rolling friction is reduced too. 
Similarly a cycle moving on a concrete road with its tyres inflated hard 
experiences much smallet rolling Fiction. 

Friction can always be minimised by using lubricants, e g, mobile oil 
and grease, etc. 

Given below is a table showing coefficient of kinetic and static friction 
for vanous substances 


TABLE 1 


coefficient of friction 

Surface 

Kinetic 

Static 

Steel on steel 

0.18 

0.25 

Wood on wood 

0.25 

0.50 

Stone on concrete 

0 45 

0.75 

Car tyre on concrete 

0.40 

0.60 
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Questions 

1 A man is at rest in the middle of a frozen pond on perfectly friction¬ 
less ice, how can he gel himself to the shore ? 

2. Explain why fiiction is one of the factors which makes it impossible to 
veiify Newton’s laws by expciimenL. 

3. Explain why sliding friction is always greater than rolling friction. 
Example 3 

A block rests on a plane suiface. The surface has to be tilted through 
30° to get the block moving with constant velocity. 

(a) Calculate the coefficient of sliding friction. 

(b) If the suiface is inclined to hoiizontal at angle 45°, calculate the 
final velocity attained by the block starting from rest in 3 seconds. 

Solution 

(a) For block to move with constant velocity 

p, - tan 0 
ti--Uin 30“ 

-I/VT 

If the inclination is 45°, acceleration is given by the formula 
a—-g (sin 45°—/icos 45°) 
where ff—9.8 m/s 2 

Hence «=9.8x ———( 1——^|m/s 2 =2,94 m/s 2 

v 3 \ V 2 J 

fb) Initial velocity, u~ 0 

0--2.94 m/s 2 
v=7 


t=--3s 


from the formula v=w-|- at =(04-2 94x3) m/s 
=8.82 m/s 
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ASSIGNMENT 


1. A saturii locket develops an initial thrust of 0.3 x 10* N and has to lift 
off 2.8 X10° kg. Find the initial acceleration of rocket at lift off. 

Ans, 1.1 x 10- 3 m/s a 

2. A tractor exerts a force of 1200 N to pull a fallen tree along the 
ground. If the tree’s total mass is 320 kg and the coefficient of sliding 
friction is 0.35, find (a) the force of sliding friction (6) the acceleration. 

Ans. 1098 N, 0.32 m/s 2 

3. (a) Two objects of equal masses must rest on opposite pan of a trip 

scale. Does the scale remain balanced when it is accelerating up 
or down m an elevator n Explain. 

(6) How can you measure the approximate weight of a spring without 
taking help of any other material ? 

4 (n) Distinguish clcaily between inertial mass and gravitational mass. 

(/ b ) Why does an athlete run for some distance before taking a jump ? 
Explain 

5. Two ob|ects of masses 8 kg and 5 kg respectively are connected by a 
light cord passing over a horizontal frictionless pulley. 

(1) What is the acceleration of the system f 

(2) What is the tention in the cord 7 

(Given g = 9.8 m/s 2 ) 

Ans. 2.2 m/s a , 60 N 


SELF ASSESSMENT 

1. A block of mass 0 2 kg rests on the top of a block of mass 0.8 kg The 
combination is dragged along a level surface at constant velocity by a 
hanging block of mass 0.2 kg as shown in Fig. 13 (n). The 0.2 kg 
block is removed from 0.8 kg block and attached to hanging block 
as shown in Fig. 13(6). What is the acceleration of the system 7 What 
is the tension in the string attached to 0.8 kg block in Fig. 13(6). 

2. A 60 kg man stands on a spring weighing machine inside a lift The 
lift start to descend with an acceleration of 2.5 m/s 2 . What is the 
reading on the weighing machine ? 
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rig. 13a A 0 2 kg bloik i csts on a 0 H kn bloi.lv lying on a table, A suing is tied 
to tins block which goes over a pulley «itul suppoits another 0 2 kg mass 
tied to its other end. 



Fig. 13b. The 0,2 kg block (Fig 13 a) is removed fiam 0.8 block and tied to the other 
0,2 kg block. 

3. A block of 2 kg is piojccted along a level surface at a speed of 1.5 m/s. 
It travels 2.0 m before coming to rest. Calculate (a) retarding force 
(b) coefficient of sliding fiiction and (e) the inclination to the horizon¬ 
tal of the same surface for which the block will just slide smoothly 
without speeding up. 

4. A block of mass M is suspended by a thiead A from the ceiling and 
another thread B is attached to the bottom of the block (Fig. 14). 
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Fig 14 Thread A ties the mass to the ceiling One end of thread B is tied to the 
mass while a force F is applied on its loose end 

Explain the following . 

If the force F is a slow and steady pull, the thread will always break at 
A whereas if it is a sudden jerk, it will always bieak at B, 

5. A 900 kg car starts from rest and icaches a speed of 30 m/s in 40 
seconds. Calculate (a) acceleration (b) driving foice. 
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INTRODUCTION 


You have already studied the motion of objects moving in straight lines. 
In this unit you will apply this knowledge to study the motion of a stone 
thrown from a catapult, bomb dropped fiom a bomber, etc, which describes 
curved paths You will also understand why during wars, for correct 
bombardment, a bombardier releases the bomb before actually reaching 
over the target, The study of such motion is immensely useful in modern 
gunnery and ballistics. You will study the effect of actual impact of these 
objects in flight in the next unit 

OBJECTIVES 


To be able to 

1. Derive expressions for the range and maximum [height of a 
projectile 

2. Use physical independence of vertical and horizontal motions to 
solve problems involving projectile motion. 

SUGGESTED READING MATERIAL 

1, Description of projectile motion 

If you tliLow stones or coins or crumpled sheet of paper outwards you 
will find that they follow curved paths Of course, with crumpled sheet of 
paper and with stone paths will be as shown m Fig. 1. 

Any object that is given an initial velocity and which subsequently 
follows a path determined by the force of gravity is called a projectile. 
Thus the term is applied to a missile shot from a gun, a rocket after its fuel 
is exhausted, a bomb released from an aeroplane, and thrown or batted 
cricket ball, The path described by the projectile (stone), shown in Fig. 1 
is called its trajectory. 

If the projectile is moving very slowly air resistance can be neglected. 
But for fast moving projectiles air resistance modifies their paths tremen¬ 
dously. Presently we will consider tiajectones which are sufficiently short 
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Fig 1. (a) Trajectory of a crumpled sheet of paper, (b) Trajectory of a stone. 


ranged so that the gravitational force can be considered constant in 
magnitude and direction. The motion will be referred to axes with respect 
to the earth assuming it to be non-rotating, and air resistance will be 
assumed to be negligible. 

Since the only force on a projectile in this idealized case is its weight, 
the motion is best referred to a set of rectangular co-odinate axes. We 
shall take X-axis horizontal and Y-axis vcitical and the origin at the point 
wheic piojeclilc stints its free Right. X-component of the foiee on projec¬ 
tile is zero and Y-component of the force is the weight of the projectile, 
mg. Consequently, from Newton’s second law X and Y components of 
acceleration are given by 


Clx — 


Fx_ 

m 


= 0 




J- 


• •(!) 


Since zero acceleration means constant velocity the resultant motion can 
be described as combination of horizontal motion with constant velocity 
and vertical motion with constant acceleration. These Lwo motions are 
independent of each other which can be illustrated considering an example. 
Take two carrom coins and put them near the edge of a table. Strike one 
coin by the other. You will find that the coins will have different horizon¬ 
tal ranges but both of them strike the ground at the same time as in Fig. 2. 
When the coins just leave the table they have dilferent horizontal velocities, 
but vertical velocity for both of them is the same and equal to zero. Hence 
although due to different horizontal velocities their horizontal ranges are 
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A 0 

Fig 2 . Trajectories of two coins leaving a horizontal table. Coin B had greater 
speed than coin A when leaving the table. 

different, same vertical velocities ensure same time of fall from the table 
for both of them 

Questions 

1 List all the forces acting on a projectile in a real problem. 

2. Give an example to show the independence of vertical and horizon¬ 
tal motions. 

3. A gun and a coin aic initially at the same height. At the time the 
bullet is fired horizontally, the com is allowed to drop vertically 
down Will the bullet and the coin hil the ground at the same 
tune ? Explain. 

2. Equation of motion of the projectile 

Let a body be pi ejected from the origin 0 of the XY co-ordinate axes 
with an initial velocity v„ making an angle D 0 with the X axis as in 
Fig. 3 The components of v„ along these two directions are ■ 

v o;t =- v 0 cos e 0 

v oy = i’ 0 sin 0 O 



Fig. 3. Trajectoiy ofa piojectile. Vauation of velocity r and its horizontal compo¬ 
nent v 0J , and vertical component v 0y is shown. At the highest point P, v 0> , is 
zero. 
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Since there is no acceleration along OX, the horizontal component of the 
velocity v u cos 0 n remains constant ; the veitical component of the velocity 
v 0 sin 0 a is subjected to a downward acceleration g due to gravity. Hence 
during ascent the veitical component goes on decreasing and finally at 
maximum height it becomes zero. Therefore, at maximum height, the 
motion of the body will be momentarily horizontal since it has only the 
horizontal component of velocity at that moment. Dmmg descent, of 
course, vertical component gradually increases in the downward direction 
under the action of downward acceleration g, while the horizontal 
component lemams unchanged 


Question 

Aic the components of velocity at A the same as at O ? 

At any instant of time t from sLait, the velocity components v y and v* 
can be calculated by applying the foimula r - u-\-at in X and Y directions 
independently as below. 


Vy '’nv i &yt 
or - -- v„ sin 0 ti —gt 

Vv — Vqv I- Cht 


01 V\ *= l'g COS 


The actual velocity is given by 

4 


V = 




tan 0 = 


v -i- v . 

.x y Y 

I 

I'y/Vjc J 


...(2a) 


,..(2/i) 


( 3 ) 


The coordinates at time t can be calculated by applying the formula 
s - independently in X and Y direction as below: 


X — Vq\ t -|-i Clx t 2 
or = (v u cos 9 0 ) t 


...(4a) 
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y = v„,/+£a^ a 

3' = (I’o Sin 6v)t—{gt' 


ov 


2 


■ -(46) 


The velocity at a given height can be determined by applying the 
formula v 2 —zi 2 = 2as m y direction to get 


2 2 

% = v oy~ 2 sy 


or v® = (v 0 sin Q 0 f~2gy 


..(5) 


Question 

Write down the formula which relates X component of velocity with 
height. 

Since at the highest point v? — 0, maximum height, y ma x, using Eq, (5) 
is given by 


Vo sin 2 0 Q 

ymax = - Yg - 

Similarly, if the time taken to attain the maximum height is T\ from 
Eq. (2a) it will be given by 


T , _ v 0 sin 0 0 
S 


•••(7) 


It can be shown that equation of the trajectory of the projectile is a 
parabola Fiom Eq. (4a) we solve for t and get 


t - 


x 


V„ cos 0 o 

Substituting from Eq. (8) in Eq. (46), we get 

x , x 2 


( 8 ) 


J ' = (v ' sin "">!^STr* S ' 


v 0 cos 2 0 o 


y = (tan 0 O ) x 



Substituting p = tan 0 O , and 


(2v 0 a co s '- 0 O ) 

where p and q are constants Tor a given projectile and given place 

We get y — px—qx 1 . ,\9) 

Eq. (9) is the equation of a parabola. 

3. Range of a projectile 

In Fig. 3, O is the point of projection and A is the point where the 
tiajectoiy cuts the X-axis. The distance OA is called the horizontal lange 
or simply the range of the projectile and is denoted by R, 

Let T be the time of flight fiom O to A, Eq. (4a) gives 


R - (v 0 cos 0„) r 

Since at A , ,r --- 0 we get from Eq (4 !>) 

0 v„ sin 0„ T — IgT 3 

which gives 

T -- 0 

oi T - 2 °° 

g 

Question 

Interpret the root T —■ 0 

Substituting the value of T from Eq (11) into Eq. (10) we get 


( 10 ) 


•(ID 


R - (v 0 cos 0 0 ) °" ) 


or R = 


t’o sin 2 0 o 

g 


Where sm 2 0„ = 2 sm 0 O cos 6 0 


...( 12 ) 
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Question 

(i) Compute the value of 0 O that gives maximum range. 

(u) Show that T' — T/2 

Ans. 45° 


Example 1 

A bomber is flying with a constant horizontal velocity of 300 ms -1 
at an elevation of 2000 m towards a point directly above the target. At 
what angle of sight should a bomb be released to strike the target t 

(Take g = 10 ms -2 ) 


Solution 

We choose a reference frame fixed with respect to the earth, its origin O 
being the bomb release point. The motion of the bomb at the instant the 
bomb is released is the same as that of bomber. Hence the initial piojectile 
velocity v 0 is horizontal and its magnitude is 300 m/s The angle of 
piojection 0 O is zero. 



Fig. 4. Trajectory of a bomb released fiom a bomber in level flight. <j> is the angle 
of sight. 

The time of fall is obtained by the relation 

y ~= (v 0 sin 6 0 ) t —J gt 2 


Thus 


hence 


6 « - 0 
g = 10 m/s a 
y = — 2000 m 

t -- f 2 y _ f 2X20 00 , ^ 2 p s 

V ~~f~ \ 10 
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The horizontal distance tiavdled by the bomb in this tune is given by 
x ----- J y ov T - 300 Ill's 20.S (>000 m 

Angle of sight $ = tan -1 (x/r), how ? 


■ f 0000 \ 

^ ' tan " l “2000 ) 

■ tair‘(3) 


Example 2 

A bullet is fired at an ancle of 45° with the hou/ontal and with a 
velocity of 900 ms” 1 How high will it iise and wluit will be its horizontal 
range. 

Solution 

Let us resolve the velocity 900 ms -1 into its two components as below: 
(/') Velocity component along hoiizonta! direction 

Vox ■— 1' 0 COS 0 o 

= 900 ms- 1 x cos 45° r --°- ms- 1 

V 2 


(ii) Velocity component along the vertical direction 

Voy -- v 0 sin 45° 


900 

It 


ms- 1 


Considering the vertical direction, let the time taken to reach the highest 
point be T'. 

1 'y ~ Vov-\-gT 

0 =. _^Lms- 1 —9.8 ms- 2 T' 

4 2 


or 


900 .v 

9.8 vr 


64. 9s 


Now in the vertical direction 


=-- 2 gh 


( 900 

l 42 


ms- 1 



9 8 ms -2 ) 


}’m ax 
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y*nas — 


900x900 m 
19.6x2 


1 X10 J m 


The total time taken by the bullet for going up and coming down 
T=2r'=2x64.9 s 


= 129 8 s 

The distance travelled along the horizontal direction or hoiizontal range 
R is given by 


R —Vox X 2 T 


900 

vl 


X 129.8 m 


= 8.3x 10 1 ni 


Example 3 

A cliff is 20 m high and a ball is thrown up at an angle of 45° with the 
horizontal fiom the top of the cliff with a velocity of 8 ms- 1 , (a) How long 
will it take to teach the horizontal plane at the foot of the cliff? (b) How far 
from the foot of the cliff will it strike the ground ? (c) What will be its 
speed as it strikes the giound 7 

Solution 

(a) We aie given 


v 0 =8 ms -1 ; 0 O =45° 
v 0 sin 0 0 = - 8 ^ s =4W~2' m/s 

V 2 

g=9.8 ms- 3 

We have to calculate ‘t’ when the ball strikes the ground and so we use 
the equation y = Since effective vertical displacement, 

y ——20 m, a y ~—g we have 

—20 m — 4y / ~2' ms- 1 T —^ x 9.8 ms- 3 x T 2 

„ 4 V~2 ± V 32-1-80x4.9 

2x4.9 S 

^=2.7 s 


9 



(b) The distance travelled in the hon/ontal direction in time Tcaii be 
calculated by the relation 


.v - (v„ cos ti„) T 
x -(4V‘2 ) <2.7 nr 
x 15 m 

Thus the ball strikes the ground 15 m from the foot of the cliff, 
(c) Applying the equation v High we can cilculate the vertical velocity 
after time T. We know 

Vj>—v 0 j> | g'/\ wheic T is the time of flight 


Hence 

v^-(4 v /T —9.8: 2.7) ms- 1 
-—21 niir 1 


Question 

How will you intciprct the negative sign here ? 

As the hoi i/ontal component of the velocity is always constant, i.e. 
4\/ 2 ins' 1 , the icsultant velocity v is given by 


v -y' (4 \/~2 ) 2 R—2l) a ni/s 
or V---22 ms -1 

The speed of the ball as it sliikes the giound is 22 ms -1 

ASSIGNMENT 

1, A bomb is diopped from a bomber when it is diicctly above a taiget at 
a height of 1500 m. The bombci is going hoiizoutally with a speed of 
200 kmfr 1 . By how much distance will the bomb miss the target ? 

Ans. 2.43 x 10 3 m 

2. A bullet is hied from a nfic at an angle 45° with the horizontal and 
with a velocity of 30^ ~2 ms -1 . How high will it rise and what will be 
its horizontal range 7 

Ans. 46 m, 184 m 
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3. A body is projected with an initial velocity of v„ making an angle 0 O 
with the horizontal. Derive the equation for the tiajectory of the 
piojectilc. Also calculate the lange of the projectile. 

4. A ship is sailing westwaid at 8 m/s. While hying to fix at the top of 
the mast, a sailor diops the bolt. If the mast of the ship is 19,6 m 
high where will the bolt hit the deck ? 

Ans. At the foot of the mast 

5 A lunatic dliving too fast on a budge, skids and clashes through the 
railings along the side of the bridge, and lands (Man+Car) in the river 
6 m below the level of the roadway of the bridge (Fig. 6). The police 
find that car is not vertically below the break in the ladings, but 10 m 
beyond it horizontally. 



(«) Estimate the speed of the car before crash. 

Ans. 9 ms -1 

(ft) State clearly the propci ties of falling bodies that you assumed in 
making the calculation of ( a) 

6. A man aims at a monkey hanging on a tree with his gun. The moment 
he fires, the monkey starts falling down under gravity. Show that only 
m this case the monkey will get hit by the bullet. 
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SELF ASSESSMENT 


1. (a) Show that the maximum heighL touched by a pi ojccLile having an 

initial velocity v„ and angle of pio|eetion ff„ is 

fv„ sm l{,)- 

1 max - - 

(h) Hind the angle of piojcclion at which the hou/onUil uingc and the 
maximum height of a projectile are equal. 

2. A shell is tired hoii/ontaliy from a gun located 144 m above a hmizon- 
tal plane with a muz/Ie speed of 800 ms 1 (a) How long docs the shell 
remain in the an ? (7>J What is its iniige ? 

3. A dive bomhci diving at an angle of 53° with the veideal, releases a 
bomb at an altitude of 720 in. The bomb bits the ground 5.5 s after 
being released. 

(cl) Wh.it is the speed of bomber ,J 

(/;) How I’m did the bomb tiavcl hoii/onlally duiing its lliglit “> 

(r) What were the hon/ontal and vei deal components of its velocity 
just befoie stiiking the gunmd ? 

4 A gun fires a shot at some angle to the horizontal with a velocity 100 
ms- 1 . If aftci 3 seconds the veitieal component of the velocity is 
20 ms- 1 , dcteimine the icsultant velocity at that instant. 
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INTRODUCTION 


In the previous units we discussed about the motion of bodies under 
the action of constant forces. In the present unit you will learn about work 
done by constant as well as varying forces The word work , m everyday 
life, is applied to any form of activity that requires exertion of muscular or 
mental effort. In physics, however, the teim is used in a very lestncted 
sense If we hold a heavy weight by our hands foi a long time we do feel 
tiled, but according to the definition of work in physics, no work is done 
We will discuss about power, (and its units such as watt), energy, etc. in the 
present unit Work-energy theorem which is valid whether the force acting 
on the body is constant oi variable will be discussed. The broader form of 
principles of conseivation of energy and mass—principle of conservation 
of energy-cum-mass will also be discussed. Finally little bit of Einstein’s 
mass-energy equivalence formula will be stated and explained, which has 
played a rnajoi role in the development of atomic bombs and nuclear reac¬ 
tors. In the very next unit we will discuss about the impulsive forces which 
are used in rockets, and then effects. 

OBJECTIVES 


To be able to 

1. Deduce work-energy theorem in case of constant as well as variable 
foices. 

2. Solve problems concerning work, eneigy and power. 

3. State and apply Einstein’s mass-energy equivalence formula in 
various problems. 

4. Fiame questions based on the textual content of this unit, 
t. Work done by a constant force 

Consider a pai tide acted on by a force F, In the simplest case F is 
constant and the motion lakes place in a straight line in the direction of 
the force. In such a situation we define the work done W by the force on 
particle as the product of the magnitude of the force F and the distance S 
through which the particle moves. Thus 


W= FS 


■ 0 ) 



However, the constant foice acting on a particle may not always act in 
the direction in which the particle moves In this ease we define the work 
done by the force on the particle as the product of the component of the force 
along the direction of displacement and the distance though which the body 
moves 

In Fig. 1, a constant force F makes an angle (f> with the X-axis and acts 
on a paiticle whose displacement along the .Y-axis is S. If W is the work 
done, then 

W --- (F cos 4 ) S ..,(2) 



Fig. 1 A block is moved a distance S on a horizontal surface by an applied force! 7 
making an angle with the horizontal. The horizontal component of force, 
F cos i f> does work equal to (F cos j>) S. The other foiccs on the block are (i) 
the force of friction /, (ii) its weight W — Mg and (il i) the normal reaction of 
the surface on the block, N. 


If other forces are acting on the body, e g. friction, eLc, then work done 
by each of them is to be calculated separately, Eq. (2) refers only to the 
work done on the particle by force F. The total woi k done on the particle 
will be the sum of works done by the separate forces which is equal to the 
work of the tesultant force This statement will be explained shortly. 

Work is a scalar, although the two quantities involved in its definition 
force and displacement are vectors, In Unit 1, wc defined the scalar product 
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of two vectois as a scalar quantity that we find when we multiply the 
magnitude of one vector by the component of a second vector along the 
direction of first. Eq (2) shows that work is such a quantity. Hence in 
the terminology of vector algebra one can write the right hand side of Eq. 
(2) as a scalai pioduct to get, 

W = F.S . ( 3 ) 

Hence by now you must have realised that work is done when a force is 
exerted on a body while at the line moves m such a way that force has 
a component along the line of motion of its point of application. If the 
component of the force is in the same direction as the displacement the 
work W is positive. If it is opposite to the displacement, the work is nega¬ 
tive. If the force is at right angles to the displacement, it has no component 
in the direction of displacement and the work is zero. 

Question 

When a body is lifted, the work of lifting force is positive or negative ? 
What is the sign of the work of gravity m this case t Ans+,— 

The unit of work is [the work done by a unit force m moving a body 
through a unit distance in the direction of the force. In Sl-Umts, the unit 
of work is 1 Newton-meter (N-m), called 1 joule. 

Let us refer back to Fig. 1 where forces W ( — Mg) and N (Normal 
reaction) are both at right angles to the displacement. Hence woik done 
by weight W is W w = 0. Similarly work done by the normal reaction N is 
W N = 0. 


The frictional force / is opposite to the displacement so the work of the 
frictional force is 


Wf = —fS • (4) 

Since work is a scalar quantity, the total work W of all forces on the 
body is the algebraic sum of the individual works. 

W — Wf+W*+Wh+Wj 
= (F cos <j>) S+0-1-0 —fS 
= (F cos (f>—f)S ...(5) 
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But {F cos is the resultant force on the body. Hence the total 

work of all forces is equal to the work clone hr the iexultant force 

Questions ; 

1. A man holds a 10 kg object stationaiv at aim’s length, how much is the 

work done 9 Ans. 0, 

If he walks 5 m along a level flooi while can ying the object, how much 1 
will be the work done by giavity ? Ans 0 j 

2. Give a few examples of positive and negative work. 

3. A man, rowing a boat up stream, is at lest with icspect to the shore (aj, j 
Is he doing any woik ? (b) If he stops i owing and moves down with 
the stream, is any work being done on him ? 

Example 

In Fig. 1, F - 50 N,f - = 15 A, </> =- 37” and S = 20 in. Determine the 
total work W. 

Solution 


W F = (Fcos <l>) S * 50x0 8x20 joule -- 800 joule 
W f = ~JS -- -15 >'20 joule —300 joule 
W/t =- Ww 0 

W — Wf-\- Vkjv-I Ww ~ (800—-300) joule - 500 joule 

2 Work done by a varying force 

In the preceding section we defined woik of a constant foice In many 
important cases, however, work is done by a force which varies in magni¬ 
tude and/or in direction duimg the displacement of the body on which il 
acts. For example, when a spiing is stretched slowly, the stretching force 
increases steadily as the spring elongates. When a body is falling, the gra¬ 
vitational force exerted on it by the caith varies inversely as the square of 
its distance from the earth’s centre, 1 

The work of a varying force can always be found gi aphicallyas 
follows : 

In Fig. 2 (a) the curved line is a graph of the component F cos </>, for 
a force which varies in some arbitraly way (in magnitude and dnection) 
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Si — 

0 >) 

Fig 2 (a) The area under (Fcos <f>) vs. S curve is divided into large number of rectan¬ 
gular strips. The area of the i '* strip is (F, cos 4><) A S,. 

(b) The shaded aiea under the curve represents the work done by a variable 
force. 

with the distance S. Let the distance be subdivided into vety short seg¬ 
ments A Sf, A S 2 , .. A S'j., etc. and approximate the varying 

force component by one that remains constant at the value F x cos <^, over 
the distance A S lt F\ cos <f>. 2 over A S t and so on. The total work W 
would be 

W = (F 1 cos <£ x ) A-5'i-l (F 2 cos <j> 2 ) ( F cos <f>i ) A Si-I- 

= h (F, cos ^ ( ) A & - (6) 

Z 


5 






The products (/q cos <j>i) &S V (/■’. cos <j> 2 ) &S, • •-.etc. are the areas of 
vanous vertical strips and the total work is equal to tire total area of these 
strips. As the subdivisions are made smaller and smaller, the total aiea of 
these strips becomes moie and more nearly equal to the shaded aiea bet¬ 
ween the smooth cuivc and the horizontal S’-axis, bounded by vertical lines 
at the ends of the displacement as in Fig. 2 (b) Thus in the language 
of calculus when A S)-*Q the sum in Gq (6) can be replaced by integral. 

S., S-. 

Thus W - - I (/*' cos </>) r/.V - J F t/S p\ 

5i S\ 


If force F is constant it can be put outside the integration giving us, 
W - (/•’ cos </>) (Sv—Sx) 

Hence work done by a constant force is a special case of Eq. (1) 

It is cleai that the woik of any vatiablc foicc can be deteinuned by 
computing the integral given by Eq. (7). Wc now illustiate the concept of 
work done by a varying foice taking a suitable example. 

Example 

Considci a spiing attached to a wall Let the axis of the spiing be 
chosen as X-axis, and the origin, .v* - = 0, coincides with the end point of 
the spiing in its normal, unstietched position. Calculate the work done 
when the end point moves to a position ,\\ 

Solution 

The force exerted by the spring on the person who is stretching it is 
F ==— kx (k is foice constant of the spring). 

Thus to stretch it to x, a force F' ~~ F must be applied (Why ?). 
Hence work done 


W — J F' ilx --- / (kx) tlx k J x dx 
x~0 ,\=0 0 

~ i k x a 

This is the work done in stretching the spiing so that its end point 
moves from unstretched position to x. 
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Questions 

1. In wnimg the expression for the fotce F exerted by the spring on us, we 
fix a negative sign 1 e., F =^kx. Why? 

2. Assuming F vs, x curve to be a straight line passing thiough the origin, 
shows that the area undei this cuive gives the woik done. 

3 Should the work to compress a spring by x be same as that to stretch it 
by x ? Explain, 

Example 

A small object of weight W hangs fiom a sti ing of length / A variable 
horizontal foice F which starts at zero and gradually increases, is used to 
pull the object very slowly (sothat equilibrium exists at all times) until the 
stung makes an angle 0 with vertical. Calculate the work of the force F 

Solution 


The forces acting on the object are its weight W, tension in the string 
T, and the external force F as shown in Fig. 3 (a). Let us resolve T into its 
horizontal component T sm 0 and vertical component T cos 0 



Fig. 3 (a) Tension T in the stiing is resolved into components Tsin 0 and Tcos 6 
(b) Work of the force F is represented by the shaded area. 


Since the object is in equilibrium, the horizontal forces balance each 
other and so do vertical forces. 
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F - T sm 6 


W - T cos 0 

Thus FIW = tan 0, oi F = H 7 tail 0 

The point of application of F moves through the arc (S) shown in Fig 
3 (a). 

S =- / 8 
dS I dB 
and woik — ] F. dS 

— J F cos 6 dS 

(Since Fc os 0 is the component of Fin the direction of motion) 


e 

Work — J W tan 0 cos 0 / d 0 
o 


0 

- f W sin 0 / d 0 
o 


s 

— fV l r sin 0 </ 0 

o' 


WI [ — cos 0 ]„» 
--= W l [ — cos 0 I-1 ] 
- Wl [1 - cos 0 ] 


In Fig. 3 (b), Fcos e is plotted against S ( == l 0), The work during 
any displacement is represented by the area under this curve. 


Problem 

(a) A force of 1.5 N is applied at an angle of 30° to the dnection in 
which a body moves. If the body moves by 80 cm, find the work 
done. 

(b) Fiame a question and problem based on whatever you have studied 
so far in the present unit. 
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3. Work-energy theorem 


When we apply force and do some work, we say we have lost energy 
We may, theiefore, tend to equate work done to change in some kind of 
energy. Let us consider the motion of a pailicle of mass m acted upon by 
a constant force F along X-axis. We have seen in Unit 3 that the accelera¬ 
tion of this paiticle is given by 


where u - Initial velocity (at t — OJ 

v — Final velocity (at time t) 
and distance tiavelled along X-axis is 

■« 


Thus the work done is 


W — Fs — mas 

f V —U \ f V+W \ . 

-<—) \ 2 / f 

= |m (v B — ii l ) = l mv" — \ mu ' 2 .,.(10) 

We call one-half the product of the mass of a body and the square of 
its speed the kinetic energy (K.E.) of the body which by Eq. (10) can be 
interpreted as the ability to do work If we represent kinetic eneigy 
by the symbol 7> then the initial K.E., T, -- % mu 2 and final K E„ 
T/—-\ mv 2 

Therefoie W — T /— Ti -(11) 

Eq. (11) can be stated as the work done by the resultant force acting on 
a particle is equal to change in kinetic energy of the particle. 

Although we have provided the result foi constant foice only, it holds 
whether the force is constant or variable. Let the resultant foice vary in 
magnitude (but not in direction) for example. Take the displacement to be 
in the direction of the force. Let this direction be the X-axis. The work 
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Efficiency can never be greater than one as in that case it will violate 

principle of conservation of energy (How ?) 

Question 

1. Does the work done in raising a box on to a platform depend on 
how fast it is raised 7 

Solved Example 

An automobile uses 100 H.P and moves at a umfoim speed of 72 km/ 
hi. What is the foiwaid thrust cxeitcd by the engine on the car 7 

Solution 


_ W F.d n ( . . t d \ 

P= ~~ —— Fv I where velocity v— — J 

The forward thrust F is in the dnection of motion given by v so that 
P = Fv (Why ?). 


F = Pjv ~ - 


100 HP 


100x746 


72 km/hr " 75 x (5/18)m/s 
- 3730 N 


6. Energy 

We have seen (in article 3) that the kinetic energy T of a body rs the 
work that a body can do by virtue of its motion and we express it as 
T — \ mv 8 In some cases we notice that the ability of a body to do work 
lemains the same after completion of a round tup, e.g. m lifting a mass M 
through a height li and again bringing it back to ground level, does not 
alter the capacity of a body to do work again. Such systems aie called 
‘conservative’, and foices acting m such systems (e.g, in this example it is 
force of gravity) are called conservative foices. On the othei hand if after 
the completion of a round trip the body returns back with less ability to do 
work or less kinetic cneigy, the forces acting in such case (e.g. one such 
force is friction) are called non-conservative. 

In case of action of conservative forces (no force of friction, etc. acting) 
kinetic energy decreases during first half of the motion, becomes zero and 
then increases during second half of the motion, and kinetic energy of the 
system, when it regains its initial configuration returns to Us initial value. 
Under these cn cumslances one can introduce the concept of energy of 
configuration, or potential energy, U and keeping in view the principle of 
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conservation of energy it follows that when T changes by dT then U for 
the system changes by an equal but opposite amount so that sum of the 
two changes is zero, or 

dT J- dU — 0 (17) 

The above equation implies that 

T -r U = constant (How ?) ,..(17tf) 

The potential energy of a conservative system represents a form of stored 
energy winch can be fully recovered and convei ted into kinetic energy. We 
cannot associate a potential energy with a non-conservative force such as 
force of friction, because the kinetic energy of a system in which such 
forces act does not retui n to its initial value when the system returns to its 
initial configuration. Combining work-energy theorem with Eq (17), one 
can write work done W equal to the change in potential energy with a 
negative sign Mathematically 

W =■ dT ---- - dU (18) 

An example will make the idea clear. 

Suppose a ball of mass m is taken from a height /q (From an aibitrary 
reference line) to a height h 2 . Its displacement is (11.,—hf). The work of 
gravity will be 


Wgrav. = — mg (/q — /q) 
— Qnghz — mghf) 

>*-\ 



Fig. 4, Lifting a ball up by using force F. The potential energy of the ball at height h 
is + mgh. 
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The R.H.S, is change in a ioim of energy. This encigy is called 
gravitational potential energy and is defined as 

Potential energy — mgh ^ 9 ) 

Wgrav. — — (change m potential encigy) 

Let us now assume that the ball in Fig 4 is thrown up from a height 

with an initial velocity u and at height h,, its velocity is v. This motion 
is described by the equation 

V* - » a - - 2 g (h, -/,,) 

Multiplying both sides by ni and rearianging teims, we get 

1/2 mv‘ l + >ngh„ =- 112 mu 2 mgh l ( 20 ) 

This equation simply means that the sum of the kinetic enetgy and 
potential energy, called the mechanical energy is same at the initial and 
final points i.e., the energy is- conserved. In general mechanical energy is 
conserved when the only force that docs work is the force of gravity. 


Questions 

1, Is the sum of kinetic energy and potential energy same at all points 
on the path of the ball ? 

2, Does Eq. (20) hold in the case of a simple pendulum ? Explain. 
Taking help of Eq, (12) 


chi -- —H 1 -- — | J 7 (x) dx 

for the particle moving from x 0 to x Recalling ideas of integration 
intioduced m Unit 3, we can write 

F (x) = - Cl - U jp- ...(21) 


Thus the potential energy is a function of position whose negative deriva¬ 
tive gives the force. From Eq. (19) we find that the potential energy of a 
system is the work that the system can do by virtue of its position. If a body 
of mass m is let fall from a height h it will do work equal to mgh. 


14 



Whatever we have discussed so fai can even be extended to non-conser¬ 
vative forces which produce heat Q and change into other forms of energy. 
Thus Eq (17) m fact can be generalised and written as 

dT+dU+dQ- 1 (Change in other foims of energy)=-0 . (22) 

In other words, the total energy—kinetic plus heat plus all other forms— 
does not change. Energy may be transformed from one kind to another 
but rt cannot be created or destroyed; the total energy is constant This is 
the principle of conseivation of energy. 

There is yet another conservation principle called pnnciple of conserva¬ 
tion of mass stated by Lavoisiei and which foims the very basis of chemistry 
As matter can be converted to energy and vice versa, we mention a genera¬ 
lised principle called the principle of conseivation of energy-cum-mass, 
which states that mass and energy are interconvertible but as a whole their 
total amount lemains conserved. Einstein has, infact, established the 
equivalence between mass and energy by the equation 

E = me' 1 (23) 

Where E is the eneigy obtained when mass m is completely converted 
into energy, c is the velocity of light and equals 3 x 10 B m/s. Because c 2 is 
very large, the energy liberated is tremendous. A change in mass of 1 g 
will require an energy of 9 X10 M joule. 

Questions 

1. Is Eq. (23) dimensionally homogenous? Prove your statement, 

2 A spring is kept compressed by tying its ends together tightly It is 
then placed in acid where it dissolves. What happened to its stored 
potential energy 7 

Example 

If a hydrogen atom has a rest mass of 1 0081 atomic mass unit (amu) 
and a helium atom has a rest mass of 4 0039 amu, calculate the energy 
released in each fusion process m which foui hydrogen atoms are trans¬ 
formed into a helium atom with the emission of energy in the form of 
radiation 

(Give : 1 amu — 1.66 X 10~ 27 kg) 

Solution 

Masses of four H-atoms before fusion — 4x 1.0081 amu 

= 6.694 X10 -27 kg 
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Mass of one He-atom aftei fusion --- 6.646 ^ 10 -27 kg 

Mass difference (A' H ) — (6.694 x 10~ 27 —6.646 '10- 2 ') kg 
■= 0.048 >-10- 27 kg 

Eneigy released E - (&in)c 3 

0.04810 -27 -.9 10"' joule 

4.32 MO- 12 joule 

Therefore energy leleased in each fusion process is 4 32X 10-’ 2 ]oule 


ASSIGNMENT 


1. A ball is diopped from rest at a height of 12 m If it looses 25% of 
its kinetic energy on striking the ground, what is the height to which it 
bounces'? How do you account for the loss in kinetic energy? 

Ans. 9 m 


2. A truck and a tiailer of mass 1200 kg move at a steady speed of 10 m/s 
on a level load. The tension in the coupling is 1000 N. What is the 
powei expended on the tiailer? 

Ans, 10,000 W 

3. Show that when faction is present in an otherwise conset vativc mechani¬ 
cal system, the rate at which mechanical enei gy is dissipated equals the 
frictional foicc times the speed at that instant 

4. A net force of 5 N acts on a 15 kg body initially at rest. Compute the 
woik done by the foice in first, second and thud seconds and the 
instantaneous power exerted by the force at the end of the third second. 

Ans. 0.83 .f, 3 3 J, 7.5 J, 5 W 

5. A deutron is made of one neutron and one proton. The mass of the 
dcutron is found to be 2.01360 amu. Calculate the energy that must 
be added to the deution to break it up into proton and neution. 

Given Mass of pioton = 1.00731 amu 
Mass of neution — 1.00867 amu 
1 amu == 1.66 xlO -27 kg 

Ans 3.6 x 10 -13 J 


6. A cord is used to lower vertically a block of mass M a distance cl at a 
constant downwaid acceleration of g/4. Find the work done by the 
cord on the block. 


Ans 


Mgd 

4 


7, Frame a problem based on work-energy theorem. 
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SELF-ASSESSMENT 


1. State the law of conservation of energy Prove the conservation 
of mechanical eneigy by taking the case of a freely falling body 

2. Assuming force to be constant in honzontal direction, show that 
the woik done is equal to the change in the kinetic eneigy of a 
system 

3. Define powei and deduce its relation to the force applied and the 
velocity of the body. 

4. A bullet of mass 0 03 kg'moving with a speed of 400 m/s penetrates 
12 cm into a fixed block of wood, Calculate the average force 
exerted by the wood on the bullet. 

5. An electron has a mass equal to 9 1 x 10 -iU kg and velocity 10 m/s, 
calculate its kinetic eneigy. 

6. If the loss in mass of the reactants during a nuclear reaction is 
equal to 1/30 g, calculate the amount of eneigy released. 

7. Explain how you will find the work done in the case of a variable 
foice moving a body thiough a distance in the direction of force. 

8. A man whose mass is 90 kg is 100 m up a hill inclined at 10° to 
the horizontal and moves with a velocity of 1.3 m/s. Calculate (a) 
the woik he does and (bj his power. 



mention 
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INTRODUCTION 


In the preceding units, you learnt how to describe motion of a 
body in terms of vectors such as foice, velocity, acceleration etc. In the 
present unit you will be learning about an alternative technique of describ¬ 
ing the motion of a body, namely, in terms of impluse (force xtime) and 
momentum (mass Xvelocity). In unit 4 you have studied about the New¬ 
ton’s laws of motion. The second law of motion is very intimately related 
to the concept of momentum. In fact, Newton in his famous book 
Principia expressed his second law as “The rate of change of momentum 
of a body is proportional to the resultant force acting on the body and 
is in the direction of the force.” Thus whenever force acts, it changes the 
momentum of the body. In the present unit you will also learn about the 
method of finding velocities of interacting bodies applying the principles 
of conservation of momentum remains one of the most fundamental and 
rigid conservation laws of physics, 


OBJECTIVES 


To be able to 

1. State and derive the law of conservation of linear momentum. 

2. Relate the impules of force with the change in momentum and use 
it in solving numerical problems. 

3. Apply the laws of conservation of momentum and energy to elastic 
and inelastic collisions and related problems. 

SUGGESTED READING MATERIAL 

1. Momentum and conservation of linear momentum 

Why do you get hurt, when you are hit by a stone ? On the other hand 
a crumpled paper does not hurt you, when both of them are separately 
hurled at you. This trivial experience clearly indicates that impact of a 
body is significant only when it possesses susbtantiaj mass and high velocity. 



Impact of a particle depends on its momentum vector p which f 0 r a 
single particle is defined as the pi oduct of its mass m and its velocity, 
That is 

P~ mv ..( 1 ) 

Momentum, being the product of a scalar by a vcctoi, is itself a vector, 
Newton expressed momentum as quantity of motion. Me stated Es 
second law as ; the rate of change of momentum of a body is equal to tk 
iiupi essed force. 

or 


F~~ 


ib 

di 


One of the basic postulates of Newtonian mechanics is that mass m is 
assumed to be independent of velocity and a constant, lienee Eq (2) can 
be written as 


(Since p my) ...(3) 

Since acceleration a of the body equals dv/dt Eq. (3) can he written as 

F -mu 

Therefore, in Newton’s mechanics the relation F dp fit and F^waarc 
completely equivalent. 

In SI Units, unit of momentum is kg m/s. 

So far we have discussed the motion of a single pai tide Let us now 
consider a system of n particles with masses m v m n Let us assume 
that the total mass M of the system remains constant with time, i.e. no 
mass either enters or leaves the system. We have 


A * - 1 . ‘ ...VHJ 

The particles of the system interact with each other and an external 

force may also act on them. Let r,, v a ,.v M be the velocities and Pi , p„ 
-Pi be the momenta of these particles respectively. 

of the lineal ^ nCaf moni j/ n ^ m ? °f a system is given by the vector sum 
of the linear momenta of all the particles in the system,' i.e, 

-|-P« ...(5) 


^ Pi "!'Pad-p 3 -|- 
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...( 6 ) 


On differentiating we get 

-L _= -L f!h_ , d V n 

dt dt ' dt . ' dt. 

The rate of change of momentum is the force. Thus ^ Pl 

dt 

is the force F 1 exerted on a particle of mass is the force F a exer¬ 

ted on particle of mass and so on. 

.=(F x +F 2 + ...F,,) , ( 7 ) 

—F . 4- F. 

external internal 

The right hand side of Eq (7) is the vector sum of all the forces acting 
on the paiticles These forces acting on the system include both the external 
as well as internal forces. 

The internal foices do not contribute anything because they occur in 
equal & opposite pairs, according to Newton’s 3rd law. Therefore Eq. ( 7 ) 
can be written as 

^external ^internal =0 ..,( 8 ) 

Where F £xt is the total external force acting on the system. This is 
the generalized statement of Newton’s second law of motion. 

^^ext =0, r—=0 .'. P= constant ...(9) 

dt 

Therefore if no external foice acts on a system, its total linear momen¬ 
tum (vector sum) remains constant. 

Therefore piinciple of conservation of linear momentum can be stated 
as follows. 

If two or more bodies are moving under their mutual action and reaction 
and if no external force acts on the system, then vector sum of their momenta 
will always be a constant 

In the derivation of principle of conservation of linear momentum 
Newton’s third law was used [Ref Eq. ( 8 )]. In some cases third law is not 
valid, but conservation of momentum is valid, Hence conservation of 
momentum theorem is one of the most fundamental principles. Another 
fundamental principle is “conservation of energy principle” about which 
you have studied in unit d. 
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Example l 

Consider a gun and a bullet constituting a .system. Initially both the 
gun and the bullet are at rest. Hence before the gun is hied, the total 
momentum is zero. When the gun 1 1 res the bullet moves foiwaid with 
lineai momentum, The bullet also reacts upon the gun causing it to 
recoil backward. The gun, theiefore acquires a backward momentum 
while the bullet acquires a fonvard momentum. These two momenta 
are equal and opposite and add to /eio Thus total lineai momentum 
is conserved, i.e. the total linear momentum of the system befoic the 
gun fires equals the total linear momentum of the system after the gun 
fires. 

Let M -Mass of the gun 
m=Mass of the bullet 
V =Vclocity of recoil of the gun 
v—Foiward velocity of the bulle 
Net momenta of gun and bullet before fuing -0 

Net momenta of gun and bullet aftei firing ( ,\/l ) (,/m*) 

(Forwaid direction (of bullet') is taken as i ve and backwaul direction 
(recoil of gun) is taken as—ve). The principle of conservation of momen¬ 
tum can be written as, 

Total momentum or the bullet and gun befoic firing 

—Total momentum of the bullet and gun aftei filing 

or 0--—MK fmv 

MV---inv .(10) 

You also notice that kinetic energy of gun-bullet system befoic firing 
was zero whereas after firing, kinetic energy of gun and bullet is 

\MV* (- 

Hence in this case kinetic energy is not conserved. 

Questions 

1. Show mathematically how P is constant when dPIdt-- 0 

2. Explain how conservation of momentum applies to a handball 
bouncing off a wall. 
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3. How can you reconcile the sailing of sailboat into the wind with 
the conservation of momentum principle ? 


2, Impulse and impulsive force 


In cricket, when a batsman strikes the ball with his bat, the bat is in 
contact with ball for a veiy short time duiing which it exerts a very large 
force on the ball. The magnitude of this foice is generally not uniform. 
This type of foice is called impulsive foice (i e. a very laige force acting 
upon a body foi a veiy shoit internal of time) The vanation of impulsive 
force F(t) as a function of time t is shown in Fig 1 We, of course, 



assume that the force has a constant direction. The force starts acting at 

time t L and stops acting at time t 2 . Fiona Newton’s second law (-J) 

we can write change in momentum dp of a body in a time (dt) during 
which a foice F acts on it as 


dp — F dl 


- (11) 


Since duiing the time (/.j—H), net transfer of momentum takes place, 
we can find the change in momentum of the body by integrating over the 
tune of contact, l.c. 


Pi 

| dp = | F dt «*(l2) 

Pi 'i 
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Wheie P x and A are momenta at time /, and respectively. Thus 

fn 

p.-r, = j f dt 

or P..-P, -=J=^FA t ...(13) 

WhereTfis average value of force F duiing the time interval A t — t^—t^ 
J is the integral of the force F over the lime A < during which it acts upon 
the body. J is called the impulse of the force F. Both impulse and 
momentum are vectors and both have the same units and dimensions. 

As it is clear from Eq. (13), impulse J is represented in magnitude by 
the shaded area under the force-time curve shown in Fig. I. For impulsive 
force, F is very large where as At is very small but for weak force e.g. force 

of gravity etc. F is rather small but A < is very huge i e. such weak forces act 

for larger interval of time to produce considerable impulse, 

Questions 

1. How do you explain the motion of a body in the vertically up¬ 
ward direction projected with some velocity ? 

{Hint : Apply the concept of impulsive force). 

2. If a body A strikes another body B and time of contact between 
them is not small enough, can we apply the pi inciple of conser¬ 
vation of momentum even then ? Explain, 

Example 2 

A vessel at rest explodes, breaking into three pieces. Two pieces 
having equal masses, fly off perpendicular to one another with the same 
speed of 30 m/s as shown in Fig. 2. The third piece has three times the 
mass of each other piece. What is the direction and magnitude of its velo¬ 
city immediately after the explosion, 

Solution 

Since the vessel was initially at rest, total initial momentum is zero. 
Let us resolve the momenta along X and Y axes. 
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Let m = Mass of smaller pieces 
3 m = Mass of bigger piece 
v = Velocity of bigger piece 

0 = Angle between the direction of v and + ve direction of 
X-axis. 



Momentum along X-axis before explosion = 0. 

Momentum along X-axis after explosion 
= 30 m 4 - 3 m (+ v cos 6 ) 

Since momenta are in different dilections their equality can be ensured 
by equating the sums of their X and Y components separately. Equating 
the sums of X components before and after the explosion we get 

30 m + 3/73 v cos 6 = 0 

30 -|- 3 v cos 0 = 0 

or v cos 0 — — 10 ...14(a) 

Momentum along Y axis before explosion = 0 
Momentum along Y axis after explosion = 30 m + 3 m v sin 6 
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Equating the sums ot' Y components of momenta be foie and afte 
explosion we get 


30 in -J 3 in v siii 0 - 0 
v sm 0 - — It) 

From Eq. (14 a) and Eq. (14 b) we get 
i’ cos 0 — v sm 0 
cos 0 sin 0 • cos (90° —0) 


-14(b) 


Substituting this in Eq. (14b) we get 
v sin 45° = -10 



v = —10 \/2 m/s 

—ve sign of the velocity indicates that third piece will move in the 
diiection opposite to the direction shown in Fig 2 and naturally at an angle 
of 135° to the 4 ve direction of X axis. 

Example 3 

A ball of mass 0.25 kg moving horizontally with speed of 20 m/s is 
struck by a bat for 10 _2 s. After leaving the bat, the speed of the ball is 40 
m/s in a direction opposite to its original diiection of motion. Calculate 
the average force exerted by the bat. 

Solution 

Since the initial and final velocities are in opposite directions, one can 
be considered positive and the other negative. Now 

Impulse = Change in momentum 

= Final momentum—Initial momentum 
= [ 0.25 ( -40) -0 25 (20)] kg m/s 
= (—10—5) kg m/s 
— —15 kg m/s 
Using Eq. (13) we get 

F A* = 15 kg m/s 

or F= r-Wt N = 1500 N 
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Problems 

1. What is the momentum of 1500 kg cai whose speed is 40 km/hi 7 
At what speed would a 4000 kg truck have the same momentum 7 
The same kinetic energy 7 

2. A 90 kg man standing on a surface of negligible friction kicks for¬ 
ward a 0.04 kg stone lying at his foot such that it acquires a 
speed of 3 m/s. What velocity docs the man acquire as a re¬ 
sult 7 

3. The Boeing 747 Emperor Ashoka has a total mass when fully 
loaded of 320,000 kg Its engine generates a total thrust of 
6.4 xl0 4 N Determine the impulse of the force produced by the 
engine in 30 seconds of operation. 

3. Collision (In two dimensions and one dimension) 

We have many examples of collisions, carrom coin colliding with 
another, an automobile colliding with another, molecules m a gas colliding 
with one another and so on. 

The principle of conservation of linear momentum is very useful in 
dealing with collision of bodies When two bodies come into contact at the 
onset of the collision each exerts a force on the other. These forces are 
equal in magnitude and opposite in direction during the complete dura¬ 
tion of the collision. Hence impulse of each force is identical in magnitude 
but opposite in direction. Hence there is no change in the momentum of 
the system of two bodies in their into action. Therefore when bodies, free 
to move in a place, interact in a collision, their directions of motion before 
and after the interactions are generally different but their momenta in a 
particular direction remains conserved. 

During collisions, the transfer of kinetic energy takes place fiom one 
body to the other If there is no loss of kinetic eneigy dining the collision, 
it is called an elastic collision. Otherwise, it is called an inelastic collision. 
In actual practice, some kinetic energy is lost in the form of sound and 
heat during the collision. Hence, the collisions between most bodies are 
not perfectly elastic. 

Let us consider an example of elastic collision in two dimensions. Let 
a particle of mass m 1 moving with velocity collide with anolhei paiticle 
of mass m 2 at rest. After collision, they move with velocities \ 1 / and v 2 , 
along directions inclined at 0! and 0 S , respectively, with the initial direction 
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of motion of m v Initial direction of motion of rn, is taken as X axis and 
the direction at right angles to it is taken a Y axis. 

From principle of conservation of momentum, vector sum of momenta 
must be constant in the absence of external force, hence %p = constant, 
which implies that the sum of scalar components of momenta along X and 
Y axes must also be separately constant, hence one gets 

XPx = constant 
E P y = constant 

Here X notation stands for summation. Equivalently, conservation 
of momentum implies that 

(E P x ) before collision = (E A) after collision . (15) 

and (S P y ) before collision = (S Py) after collision ..(16) 

Along X axis 



Fig. 3. Collision of two balls in 2*dimensioDs. 
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(% P*) = Sum of X components of momenta of the system (2 particles) 
before collision 

= m, v lt + 0 

(S P* ) = Sum of X components of momenta of the system (2 parti¬ 
cles) after collision 

= V//COS flj -|- W a l’.j/COS 0 2 
Using these in Eq (15) we get 

m L v lt = Wj v,/ cos 0 j -| w 2 v 2 /cos fi 2 ( 17 ) 

Similarly, 

(t Py )b e f ore collision = 0 

/V D | 

' y after collision — — m, 1 -,/sin 0 X + m, i' 2 /sin 0 a 
which using Eq. (16) gives 

0 = — m x Vj/sin 0 t -1 m 2 v 8 /sm 0 , . (18) 

Since the collision is elastic, the kinetic energy is conserved, i.e. 

Kinetic energy before collision Kinetic energy after collision. 

| wp-p 5 = 1 //q Vj f- |- \ m t vjs / 2 ...(19) 

If we know the values of m t , nu, v lt - and 0 t ; then values of vy, v a / and 
0 2 can be found out, as we have three equations [viz (17) (18) and (19)] 
and three unknowns 

Special case : Head on collision 


Let us now consider a special case when 0 I = 0 and 0 a = 0. In this 
case, the particles move along the same direction befoie and after the colli¬ 
sion and it reduces to a case of collision in one dimension. 


Hence from conservation of linear momentum 


wp = Mj v |- m s v ,/ 

...(20) 

And, of course, from the conservation of energy principle 


1 «i v lt 3 — ) nit vy/ 5 -| : J m 2 v 2 a / 

...(21) 

Let us now find out values';of m ^ 

2 and v lt . 



from Eq (20) 


v,j- 


»t i 


t'n — >»1 I’l/- 

HI, 


ah. 


v,/-) 


Substituting Eq. (22) in Eq. (21) and setting up a quadratic in v^one 
can get the expression for v//(on solving the quadratic equation) as 



...(23) 


Substituting Eq, (23) in Eq (22) one gets the expression for as 


'V 


f. _ 2m, 

V m r \-nu 



...(24) 


Few interesting consequences of this ease are discussed below : 

(a) If the mass of the incident particle in a collision is gicater than the 
stationary mass, the two masses will move off in the same direction after 
collision, simply, because in Eq. (23) since w, > if v^is -|- ve than v a / 
is + ve. Hence two particles must move in the same diiection. 


(b) If the incident mass in a straight line collision is very much smaller 
than the stationary mass, it bounces back with nearly the same velocity. 

The reason is, that if w, << m t \ in the Eq. (23) one can drop nq in 
comparison with m t i.e. 


m L —m s si —m.. 


m X '\-nin a m.. 


Therefore from Eq, (24) 




This means that lighter particle rebounds from the heavier particle almost 
with the same velocity. 
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Example 4 

A railway wagon of mass 12,000 kg moving at 2 m/s collides with a 
second stationary wagon of mass 18,000 kg. Determine the velocity of the 
wagons aftei they collide and couple together. 

Solution 



BEFORE COLIIS 10 N AFTfR COLLISION 

Tig 4. 


Let the velocity of both the wagons after collision be V. 

Momentum before the collision --- 12,000 kg\2 m/s-|-18,000 kgxO m/s 

~ 24,000 kg m/s 

Momentum aftei the collision ~ (12,000 + 18,000) kg X V 
Fiom law of conservation of momentum 

Total momentum before collision = Total momentum after collision 
or 24,000 kg m/s --= 30,000 kg X V 
or V =0.8 m/s 

Example 5 

A 10 g carrom com stiiker moving at 2 m/s collides head on with a 
stationary 5 g carrom coin. After collision its velocity in same direction 
becomes 1 m/s. Determine the velocity of the carrom com after collision. 

Solution 

Let the final velocity of the coin be V m/s 

Total momentum before collision -= Total momentum after collision 

10 x 2 + 5 X0 =» 10 X 1 + 5V 
or V — 2 

Example 6 

A 5 g carrom coin moving with a velocity of 10 cm/s strikes a sationary 
coin of 6 g as shown; m and M fly off at an angle of 20° and 40°. Deter¬ 
mine their velocities after collision. 


13 




Solutions 


Let velocity of mass m be U and that of mass M be V. 



Fig. 5. 


In this case the collision is m two dimensions. We must equate the 
momentum components along the horizontal direction and then along ver¬ 
tical direction. 

In horizontal direction 

5 g X 10 cm/s = (5 g) (U cos 20°) + (6 g) (V cos 40°) 
and in the vertical direction 

0 — (5 g) {U sin 20°) -- (6 g) {V sin 40°) 

These equations are obtained by resolving the momenta of m & M after 
collision along and perpendicular to the direction of original motion. 

Solving the above two equations simultaneously we get, 

U = 7-5 m/s 
V = 3.3 m/s 

Do the following activities 

(1) Release the air from a filled a balloon suddenly. 

What do you observe ? Explain the reason. 
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(2) Throw a ball towards the wall, observe the velocity of ball and 
wall after impact. Explain ? 

(3) Throw a huge football towards a small tennis ball. Observe their 
motion and explain. 

(4) Observe a jet aeroplane. How does it gain its thrust ? 

Example 7 

A 0.01 kg bullet is fired horizontally into a 4 kg block at rest on a 
honzontal surface The buliet gets embedded in the block and 
the combination moves 20 m before coming to rest (fu = 0.25). 
With what speed did the bullet strike the block 1 (Assume 
g = 10 m/s 2 ). Is kinetic energy conserved during the collision 7 

Solution 

(a) Dcaccelciation due to friction is 

Force of Fiction _ pa Mg _ 

— Mass of the block and bullet M ^ k ^ 

Using the relation v 2 —tr — 2 a s, the velocity of the block just 
after the collision is 

iF — 2 (p.k g ) (20 m) 

= 2X0.25X10X20 m*/s* 

= 100 ra*/s a 

Therefore u — 10 m/s 

During the collision momentum is conserved. Therefore the 
velocity of the bullet vs is given by 

(0.01 kg) vt = (4.01 kg) (10 m/s) 

40.1 . 

or V6 = w 111/5 

— 4 x I0 a m/s 

(b) Total K.E. of the system before collision 

(0.01 kg) (4xl0 9 m/s-y 
-- 8xl0 1 joulc 

Total K.E. of the system just after the collision 
= } (4.01 kg) (10 m/s) a 
= 2x 10 joule 
8 v 10 4 

The ratio of K.E.’s is =—^ = 400 
2 X10 3 
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ASSIGNMENT 


1. A tennis ball of mass 50 g strikes a volley ball of mass 500 g with an 

initial velocity of 20 m/s, After the collision the velocity of the 
tennis ball is 10 m/s in the same direction. Deteimine the velocity 
of the volley ball. Ans. 1 m/s 

2. A 0.1 kg ball moving with a velocity of 100 m/s collides with a 
0.2 kg stationaiy ball. Aftci the collision the 0 I kg ball travels with 
50 m/s making 45° angle with the initial diiection of motion. 
Determine the velocity of 0 2 kg ball after collision. 

3. The two bodies shown in Fig 6 aie the two sections of a space 

vehicle. M is 10,000 kg and m is 2000 kg. After scpaiation V is 
obscived to be 5 m/s. Determine v and the velocity of m relative 
to M. Ans. 25 m/s, 30 ni/s. 



Fig. 6 

4. Fuel is consumed at the late of 100 kg per second in a iocket. The 

exhaust gases are ejected at a speed of 4.5 X 10' 1 m/s What is the 
thrust expeiienccd by the rocket. Ans. 4.5 X 10 C N 

5. Two balls of different masses have equal kinetic energy, which ball 
(heavier or lighter) will posses greater momentum 7 

Ans. heavier ball. 

6. A bullet weighing 0.01 kg is fired with a velocity 800 m,s into a 
ballistic pendulum shown in Fig 7. The bullet remains embedded in 
the pendulum which weighs 5 kg and is suspended fiom a cord 1 
metre long. Compute (a) the vertical height through which the 
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pendulum rises (b) kinetic energy of the ballet pendulum system 
just after the collision (c) Is K E, conserved m this case 

Ans 13 cm, 6 4 J, No 



SELF-ASSESSMENT 


1. Give examples of clastic and inelastic collisions. How will the 
velocity of ball change when it strikes a rigid wall elastically 7 

2. (a) Show that the impulse equals change in momentum 

(b) Use Newton’s third law to derive the law of conservation of 
momentum, 

3. An impulse of 300 Newton second is exerted on a body whose mass 
is 2 kg. Determine the change in the velocity of the mass. 

4. A momentum of 22 kg m/s is directed at an angle of 30° relative to 
the X axis. Determine the X component and the Y component of 
this momentum. 

5. A ball of mass m and velocity V makes an clastic head on collision 
with a ball of equal mass, initially at rest. Find the velocities of 
two balls after the collision. 
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and the conclusions drawn are entirely mine and not of NCERT, 
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INTRODUCTION 


You must have read or heard much about the motion of planets around 
the sun, the rotation of planets about their own axes, the motion of man 
made and natural satellites, motion of electrons round the nucleus, etc. 
These are some examples of circular motion. Tn this unit you will learn 
the basic principles of circular motion, some or its applications, its use m 
the study of motion of satellites and some 1 elated topics. Equations of 
motion, similai to the ones derived in Unit 3, will be derived in the case 
of circular motion of point or spherical masses. In the very next unit you 
are going to study rigid body rotation which involves the circular motion 
ideas. 


OBJECTIVES 


To be able to 

1. Deduce magnitude and direction of centripetal force in ciieular 
motion and work out related problems 

2 State Kepler’s laws of planetary motion, Newton’s laws of gravi¬ 
tation, and work out related problems. 

3 Calculate satellite velocity, and escape velocity of a body on earth 
or any other planet. 

4. Frame questions and problems on objectives 1,2 and 3. 


SUGGESTED READING MATERIAL 


1. Angular velocity and angular acceleration 

Considei a particle icvolvmg in a cucular path of ladius r with uniform 
speed, The velocities at different points on the circular path will be direct¬ 
ed tangentially as shown in Fig. 1. Why ? 
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Question 

When you cycle through sandy soil, sand gets thrown olY in a direction 
tangential to the wheels of the bicycle lixplam why ? 



Fig. I. A particle moving in a circle The velocity vector, represented liy an arrow, is 
along the tangential direction. 


Let the particle be at points C, A, and sB at times zero, and t t 
respectively. Let angular displacements with respect to the starting point 
be j?! and 0 a at the points A and B respectively. Thus angular displacement 
in moving from A to B equals 0 a — A 0 during the time interval 
t t — ti — A t. The average angular speed o> of the body in this time 
interval is defined as 


0 tt — Oj _ AG 
k - h At 


.•■(I) 


The instantaneous angular velocity of the particle is defined as 

oi = Lm ( A0 A dO m 

to-+o\—£r)--df 

If oj is a constant of time, then the circular motion is called a uniform 
circular motion. Angular speed has the dimensions of inveisc time, 
T- 1 its units are commonly taken tobeiadmns per second (rad/s) or 
revolutions per second (rev/s). 

If angular velocity is not constant, then the particle has an angular 
acceleration. Let and <u a be the instantaneous angular speeds at times 
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t x and t 2 respectively ; then average angular acceleration a of the body is 
defined as 


GJ a —Wi _ 

tl A t 


• ■•(3) 


The instantaneous angular acceleration is the limit of this ratio as A t 
approaches zeio, or 


Lim A“ _ 

“ A <-*■ 0 ~a 7 ~ <r77 


(4) 


Angular acceleration has the dimensions of an inverse time squared 
(T~ 2 ); its units are commonly taken to be radians/(sccond) 2 or revolutions/ 
(second) 2 . 

Angular velocity and angular acceleration are thus exactly analogous 
to linear velocity and acceleration (look up Unit 3 for the definition of 
linear velocity and acceleration) 

Angular velocity <u and angulai acceleration « are, mfact, vectors. The 
vectoi angular velocity a is defined as a vector of magnitude cu, pointing in 
the direction of advance of a right hand screw which is turned in the 
direction of rotation of the body. For a body rotating about a fixed axis, 
the vector <u is parallel to the axis, as shown in Fig. 2, 




Fig, 2. Deteinunation of the direction of angular velocity. 

(a) A screw is turned in the direction of rotation. The duection of angular 
velocity » is the direction of advance of the screw. 

(b) Direction of u is shown for clockwise rotation. 

(i c ) Direction pf to is shown for counterclockwise rotation, 


3 



Similarly, the vector « is defined as a vectoi of magnitude a, having at 
any instant the direction of the vectoi change in angulai velocity rfu>. p or 
rotation about a fixed axis, where <u is always pauillcl to the axis, the 
vector a is also parallel to the axis 

In order to establish a relationship between linear and angular velocities 
we proceed in the following manner. In Fig. 1, if length of arc AB is /\s 
instantaneous linear velocity will be given by the expression 


Urn As 

v ~~ A ^0^7' 


ds 

"dt 


We define angle A0 in radians as 

A0 A sir 

or A£ = ZAi 

A< A/ 

Taking the limit as A^ -*■ 0, we get 


.(5) 


Therefore, 



ds fdO \ 
dt '\dl ) 


or 

r =.- no 

••(6) 


dv du> 

••(7) 


a df r Yi “ m 


Questions 

1. Could the angular quantities 0, o> and a be expressed in terms of 
degrees instead of radians in the kincmatical equations ? 

2. What are the angular speeds of the second hand and the minute 
hand of a watch 7 


Example 1 

A phonograph record on a turn table rotates at 33 rev/min. What is 
the lincai speed of a point on the lecord at the needle at (a) the beginning 
and (b) the end of the rccoiding 7 The distances of the needle fiom the 
turn tabic axis arc 13 cm and 5 cm respectively, at these two positions. 


Solution 


Angular velocity, <u = 33 rcv/min 



During 1 rev angle subtended is 2it radians. 


Thus, 



The distance of a point from the turn table axis at the beginning of 
recording, — 13 cm 

Linear velocity at that point 

33 

*ss mr 1 = — x 2ir X13 cm/s 


/429tt\ 
\ 30 ) 


cm/s 


The distance of a point from the turn table axis at the end of the 
recording, r 2 = 5 cm. 

Thus linear velocity at that point 


— cor 2 

33 

— X2nX5 cm/s 


165* 

30 


cm/s 


2. Centripetal and centrifugal forces 

The most natural force free motion of a particle is uniform motion 
along a straight line. Now suppose you tie a stone to one end of a string 
and whirl it overhead in a horizontal circle as shown m Fig. 3. Let us 
assume that the stone moves with constant speed. It's linear velocity at 
points A and B, is represented by vectors drawn in tangential directions. 
When the particle is at B and suddenly we cut the string, it will fly off tan¬ 
gentially in the direction of the arrow at B. Thus if we want to prevent the 
particle from flying off tangentially and to move in a circle, a pull must be 
applied continuously towards the centie. 

Also, as the body moves in circular path its linear velocity constantly 
changes in direction although there is no change in Us magnitude. Hence 
from Newton’s second law, even though, the body is moving round with 
uniform linear and angular velocities it must be acted upon by some force 
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which should be such that it only changes the diicction of momentum and 
not its magnitude. 

Having established the existence of such a foicc oui next task is to 
determine its magnitude and direction. 


V 4 



(a) U’l 


Fig. 3 Determination of centripetal force 

(«) Space diagram showing radius vectors r, arid r 2 
and corresponding velocity vectors in and r 2 
(A) Vector diagram showing the difference Av of vcctois vj and Vo. 

Let us suppose that a paiticlc of mass m is moving along a ciiclc of 
radius / with uniform angular velocity o>. The linear speed of the particle 
will also be unifotm and will be equal to no. Let A be the position (cootdt- 
natc / j) of the pat tide at any instant of time and B be its position (cooidi- 
nate r,) after a short interval of lime A* Let the velocities at A and B be 
Vi and Vo as shown in Fig. 3(a), 

Let I v t I = I h | = v 

Let us determine the acceleration at a point L midway between A and 
B. For this purpose we will find the change in velocity 

Av = Vo—Vj 

and divide it by AL Let us move vectors v a and v, pmallcl to themselves 
so that their tails coincide at L, as in Fig. 3(b). A<’ is, thus, given by vector 
MN Since in Fig, 3(a) r k J_ Vj., _L v a , and r., - r x 1 A >"> triangles OAB 
and LNM are similar. Equating the idt'os of corresponding sides we get 

Av ___ 

A' f 
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Dividing by A? we get 


Av 


v 

r 


A r 


Af r A' 
Taking the limit A/-+0, we get 
dv v s 


ttc — 


[It 


...(8) 


Since v is constant in magnitude, aveiage acceleration is same as the 
instantaneous acceleration ci c , 

Also since v=r a>, 


a e — 


dv 

IT 


rcu' 


•■■(9) 


In the limit At->-0, of course v t and v 2 become almost parallel to one 
another and Av will be perpendicular to them. 


The acceleration being will also be perpendicular to the 

velocity vectors But vve know that direction of the velocity at any point 
on the circle, is along the tangent to the circle at the point, Therefore 
acceleration will be along the radius through the point directed towards 
the centre 0. Therefore if a body is to move along the circumference 
of a circle, it should have acceleiation directed towards the centre of the 
circle i.e acceleration will be ‘centre seeking type of acceleration’ or 
simply centripetal acceleration (since in Greek centripetal means ‘seeking 
centre’) Corresponding to centripetal acceleration we have a force called 
centripetal force which is also directed towards the centre and its magni¬ 
tude is given by 


F 0 —mv~/r—m v 

or Fe~m w 2 r ...(10) 

From Newton’s third law we know that to every action there is an 
equal and opposite reaction. Centripetal force should also have a reaction 
and it is called centrifugal force since it is diiected away from the centre. 

You may note that centripetal Jorce is the resultant inward force 
on a body in circular motion and action of this force results in a change 
in the direction of the velocity of the body rather than change in its 
magnitude. 
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Wc now clarify the concept of centripetal force with illustrations and 
examples fiom everyday life. 

2,1 An automobile taking a turn on level road 

Suppose an automobile is negotiating a cuive of ladius R as shown in 
Fig 4. Since the load is level, the notmal reaction iV balances the 
weight, W The automobile is prevented from skidding by the force 
of friction between the tyres and the load bed. The required centripetal 
force is supplied by the force of friction F/. Thus for safe turn we 
have 

F e -~mv 2 /R=Fj ; W—N 
Since F t —/x N we get 
mv ! /jR=/x mg 

or v=\/pgR .(11) 

Example 

What is the smallest radius of a circle at which a bicyclist can travel 
if his speed is 36 km/hr and the coefficient of static friction between the 
tyres and the road is 0.32 ? 

Solution 

From Eq. (11) we get 

R=v i /n g 


(36 km/hr) 2 
0 32 X9.8 m/s- 


100 m 2 /s 2 

3.2 m/s 2 


— 31 m 


2.2 Banking of the road bed 

As high speed trains, autos and trucks travel around curves, tremen¬ 
dous centripetal force must be supplied by the road beds to hold them 
in their curving paths. If the road bed is level this force is derived only 
from friction between the road and the tyres of the autos, and in case 
of trains, from friction between the rails and the wheels. The force of 
friction depends on the weather and tyre conditions. It also produces 
more wear and tear ; hence a better way of providing the centripetal force 
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is by inclining or banking the road bed The outer part of the road is 
laised to a higher level compared to the inner part of the curve. 

The foices acting on the vehicle are the normal reaction N of the road 
bed, which is peipendicnlar to the road bed and its weight. W (=nig) 
which is vertically down as shown in Fig 5. 




Fig. 4 Road friction supplies the neces- Fig. 5. An automobile negotiating a curve 
saiy centripetal force to the auto- on a banked road bed. The centri- 

mobile foi negotiating a curve, petal force is provided by the 

component N sin 8 of the normal 
reaction 

Let us resolve N into a vertical component and a horizontal component 
which is towards the centre of the curve 

The horizontal component N sin 0, where d is the banking angle, of 
the normal reaction N provides the centripetal force and verticie compo¬ 
nent N cosG acts in the direction opposite to weight mg of the vehicle. If R 
is the radius of the curve, for safe turn 

N cos 0 — mg 


N sin G — mv^jR (Centripetal force) 
which gives tan 0 — v 2 IRg, 

Thus if the speed is higher than v (given by v = \/Rg tan 0) then 
frictional forces have to be relied upon to prevent skidding and if the speed 
is lower than y then frictional foices have [to be relied upon to prevent the 
body from sliding down the banked roadway, 
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2 3 Aerobatics 


A pilot in a fighter bomber aircraft is at Limes required to pullout 
of a dive by attempting a sharp loop (circular path) In this case a 
tremendous centripetal foicc will be tequned to hold the plane in the 
chosen arc. This force has to be supplied by the reaction of the air 
against the airfoil suifaces (wing and fuselage). If these forces become 
too great the wings may be torn off , the pilot himself is likely to 
collapse (the blood fiom the brain may get drained, the body is accelerated 
towards the centre where as the blood, being a Jluid, flows along the 
tangent). 

2 4 Centrifuge 

The dairy industiy makes use of the circular motion in separating the 
cream from milk with the help of ccntiifuge The centrifuge is a iota ting 
device capable of 50,000 rpm (revolutions per minute). It is also used 
in medical researches. It is used for whirling an object with high velocity. 
The consequent large radial acceleration is equivalent to increasing value 
of g, and such process as sedimentation, which would otherwise take place 
slowly, can be accelerated in this way. 

Questions 

1, In Fig. 4 and Fig. 5 some readers may wish to add an outward, 
centrifugal force to keep the body in equilibrium apart from the 
forces already shown. Is this a correct point of view ? Explain. 

2. From Eq. (12) it is clear that for a given radius no one angle is 
coirect for all velocities. Therefore, how should the curves be 
banked in the design of highways and railroads 7 

Example 1 

A small body of mass 200 g revolves in a circle on a hoiizontal friction- 
less surface, attached by a cord 20 cm long to a pin set on the surface. If 
the body makes two complete revolutions per second, find the force exerted 
on it by the cord. 
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Solution 



Fig. 6. One end of a cordis tied to a pin at the centre, while the other end is tied to 
a particle moving in cucle The centripetal force is along the string pointing 
always townids the centre of the circle 


The ciicumfercnce of the circle 

= 2 «R 

— 2tr x 20 cm 
= 4O7T cm 

Velocity v — 2 tt RjT 

T — Time period 

— !//(/ = fiequcncy of levolution) 

/ — 2 rev/s 

407r cm on , 

v = -= 0O77 cm/s 

£ icv/s ' 

The magnitude of centripetal acceleration is 


a c = v 2 JR 




20 cm 


Since the body has n o vertical acceleration, the forces N and mg are 
equal and opposite tjW7lm"force fa is 

I r - ■ -"tion j 

‘ *'■* -'-v 'it Or, , 1 




Therefoie magnitude of F c 

It - Ma 


— 200 g 3150 cm/s- 
-- 6 3 N 


Problems 

1. The moon revolves around the earth in a cucle (very nearly) of 
radius R - 4x10* m and lequnes 27.3 days to make a complete 
revolution. What is the acceptation of the moon towards earth ? 

2 The total mass of motor cycle and the ndcr us 150 kg The rider has 
to negotiate a curve of radius 70 m at a speed of 20 m/s If the 
coefficient of friction is 0,5, will the ridei be able to go aiound the 
curve successfully? At what angle should he lean over so as to 
avoid skidding ? Acceleration due to gravity is 9 8 m/s-, 

3. Newton's laws of gravitation 

Newton’s laws of giavitation are concerned with the interaction of 
material bodies. The basic essence of this law is the assumption that the 
force on a pin tide can be i elated in a simple way to measuiable properties 
of the paiticle and of its environment. The laws can be stated as follows 

Law I 

The force of atliaction F between any two particles in the universe with 
masses Mi and AA is directly proportional to the product oflhcii masses, 
i.e. 

F cc Mi A A (13) 


Law II 

The force of attraction F is inversely proportional to the square of the 
distance of separation r between them, i.e. 

F oc l/r' 2 ..,(14) 

Thus from equations (13) and (14) 

F oc {Mi M,)lr~ 

or F = .(15) 
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Where G is a universal constant having the same value for all pairs of 
particles and equals 6.67 X 10 -11 Nm 2 /kg 2 . The universal constant G must 
not be confused with g which is the acceleration of a body arising from the 
earth’s gravitational pull on it The constant G has the dimensions L 3 /MT 2 
and is a scalar, g has the dimensions L/T 2 , is a vector, and is neither 
universal nor constant. The relation between g and G will be given shortly. 

Some impoitant featuies of these laws me given below 

(a) The gravitational forces between two particles ate action-reaction 
pair. The fust pai tide exerts a foice on the second par tide and 
likewise second particle exerts a force on the first and this forces 
arc directed along the line joining the two. 

(h) The constant G must be found from experiments Once G is 
detcimined for a given pair of bodies, we can use that value m 
Eq. (15) to determine the gravitational forces between any other 
pan of bodies 

(c) Notice that Eq. (15) expresses the force between point mass 
particles, thcrcfoi c, if we want to determine force between extended 
bodies, wc must rcgaid each body as decomposed into pat tides and 
then the mteiaction between ail particles must be computed. For 
uniform sphcics we can assume that all the mass of the body is 
concentrated at its centre. 

(d) As it is clear from Eq, (15), the gravitational force between two 
particles is independent of the presence of other bodies or the 
properties of the intervening space 

3.1 Gravitational potential 

Gravitational potential at a point is the work done in carrying a unit 
mass from infinity to that point. 

In order to calculate it at a point distant r from mass M, let us consider 
a unit mass placed at a distance x from M. 



Gravitational force at thaL point 


GM 

v- 


Work done in moving the unit mass through a small distance d\ will be 


<l\V 



Hence total work done in carrying unit mass fiom infinity to a point 
distant r will be 


W = 


\ 


dlV = 



00 CO 


GM 

i 

The —ve sign indicates that work is done by the gravitational force of 
attraction. Thus potential energy of mass »i placed at a distance r fiom 
M will be 


£/(;•) - ( ~-- (why ,? ) ...(16) 


Questions 

1. Why are the laws of gravitation called univeisal 7 

2. Express the laws of universal gravitation in vector form 

3.2 Acceleration due to gravity 

The gravitational force on a body is proportional to its mass as Eq. (15) 
shows. Gravitational force Fexeited by earth upon a body of mass m will 
be thus 


/•’ cc 1)1 

or F - mg ■••(17) 

Where g appears as the constant of proportionality. A comparison 
with the Newton’s second law gives g as the acceleration experienced by the 
body due to pull of earth. 
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If Me is the mass of the earth and 7? c its radius, then Eq. (15) gives 
another expression for F (of course, assuming that the body of mass m is 
situated over caith’s surface) i c 


F - 


G 


M j-m 

~RiF 


Equations (17) and (18) give 


mg 


G M Eiii 
~ Ft* 


g = GMcIRf 


...(18) 


. .(19) 


Equation (19) clcaily shows that g is independent of the mass m of the 
body and it depends only on the mass of the eaith (which is of course, 
constant) and on the value of Re Therefore g varies with altitude and 
depth from the earth's surface. 


Acceleration due to gravity even varies with latitude, at the equator g 
is minimum and at poles it is maximum Detailed discussion is beyond the 
scope of the present unit. 


Questions 

1 If the force of gravity acts on all bodies in proportion to their 
masses, why doesn’t a heavy body fall faster than a light body. 

2. How does the weight of a body vary enroute fiom the eaitli to the 
moon 7 Give graphical representation. 


Example 2 

A body weighs 1000 N on the surface of the earth. How much will it 
weigh 800 km from the earth Take radius of the earth Re — 6400 km. 


Solution 


If m is the mass of the body, its weight W on the surface of the earth 
will be, using Eq. (18), given by 


GMcm 

~~RE r 


...(20) 
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At a distance i\ from the centic of the earth, the weight W L of the body 
is given by 


a Mi »i 


.. ( 21 ) 


Dividing f q. (20) by Eq (21) we get 



10001 


( 


6100 \2 
6*100 . bill )) 


N 700 N 


3.3 Escape velocity 

Tt is our general experience that if we throw a body upwauls it icturns 
back to the earth. However if a body is thrown fast enough it may not 
return to the caith. The velocity with which a body must be projected 
upwards so that it neither comes back to the caith nor becomes an aitificial 
satellite, is called the escape velocity. Ftom Eq (16) it is clear that the 
work needed to take a mass m from surface of tire earth to infinity is 

if the initial kinetic energy of the body is greater than this work 

done then the body overcomes the gravitational barrici of the earth. Thus 
the escape velocity vl is given by 


or 




UM L m 

~'Rl~ 


i’r> 


4 


10 Ml 
Re 


...( 22 ) 


Eq (22) gives the expression fm escape velocity of the body, notice that 
it is independent of the mass of the body to be project Substituting 
G - 6.68 X 10- u N m a /kg-, R s - 6100 km, Af e . 6. 2v, 10' 1 kg in I2q (22), 
we get escape velocity equal to 11,2 km/s. 


Should a projectile be given this initial speed, it would escape from the 

earth, 
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Questions 

1. How has the hydiogcn piesent in the eaith’s atmospheie dis¬ 
appeared long time ago f 

2. Why can’t the moon keep any atmosphere at all ? 

3. Does a locket leally need the escape speed of 11 2 km/s initially to 
escape from the cai th "> 

Example 3 

A projectile is fired vertically fiom the caith’s suiface with an initial 
speed of 10 km/s Will it be able to escape from the earth ? 

(Assume g = 10 m/s 2 ) 

Solution 

Radius of the earth R — 6400 km 


Acceleration due to 
Escape velocity =~ 


= 6.4 x 10 c m 
giavity s - 10 m/s 2 

Where M 
G 


— Mass of the earth 

— Gravitational constant. 


But# 


GAf_ 

R 2 


gR = 

Hence escape velocity = 


(3M_ 

R 

V2S*~ 

\J2 X10 x 6.4 X UV' m/s 


= V 1.28 X 10 4 m/s 
11,3 km/s 

Thciefore projectile will not be able to escape from the cailh since its 
initial velocity of projection is 10 km/s. 

4 The motion of planets and satellites 

The motion of bodies in the solar system can be deduced from the laws 
of motion and the laws of universal giavitation. All planets move in 
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elliptical oi bits with the sun at one focus. We can undcistand the planetary 
motion in simplified manner by considering the orbits to be circular. We 
will also consider all bodies in the solar system to be spheiical and assume 
then masses eoncentiated at their centres I he ideas developed here 
apply equally well to the motion of satellites (naluial or aitilicial) around 
planets. 

Let us consider a planet of mass m icvolving around the sun of mass 
Afi in a ciiculai 01 bit ofiadius R as shown in l-’ig S Let r be the orbital 



Fig. 8 : Motion of a planet around the sun (noi lo scale) 


velocity of the planet and T be its time period Since in time T the planet 
completes one icvolution coveiing a distance 2itR, wc get 


v 


2 ttR 
T 


.. ( 23 ) 


The centripetal foicc icquued to keep the planet moving in a stable 
circular orbit is supplied by the giavitational force between the sun and the 
planet. Equating these Ibices we get 


;«v a GMstn 


R 


R a 


...( 24 ) 


or 


[ GMs 

V R 


•• ( 25 ) 


Which gives the oibital velocity of the planet Substituting for v from 
Eq. (23) and rcananging terms wc get 


T- 4tt 2 


IV GM S 


= constant for all planets. 
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This relation was first given by Kepler whose three laws of planetary 
motion aie given below ■ 

(1) The \ctw of areas : Each planet revolves around the sun in an 
elliptical orbit, with sun at one focus of the ellipse. 



Fig. 9. A planet is shown moving in an elliptic orbit with the sun at a focus (not to 
scale) 

(2) The law of areas : The line joining any planet to the sun sweeps out 
equal areas in equal interval of time 

(3) The law of periods ' The squaie of the period of any planet about 
the sun is proportional to the cube of the semi-major axis of the orbit of the 
planet round the sun. 

Instead of consideiing semi-major axis one can consider the planet’s 
mean distance R from the sun, as the orbits are nearly circular. 

Thus, if T is the time period of the planet 

rj->2 

j- — constant (for all the planets.) ..,(26) 

As given by Kepler these laws were empirical, they simply describe the 
obseived motion of the planets without any theoretical interpretation. 

Question 

From Keplei’s second law and observation of the sun’s motion as seen 
from the eaitli, wc can conclude that the earth is closer to the sun during 
winter in the northern hemisphere than during summer. Explain. 

Example 4 

If the time pciiod of Jupiter is II 6 solar year, how far the Jupiter is 
from the sun ? Take the distance of the earth fiom the sun as 1.5 X 10 u m. 
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Solution 


Time peiioil of the earth 7', - 1 sohw yr. 

Time period ot the jupitei 7\ 11 ,6 solar yr. 

Distance ol theeaith fiom the sun r t 1 5 x 10 11 m. 
Distance of the jupiter from the sun r,, 7 

Fiom the Keplei’s tlurd law 


/ 1 
r 


r„ 


r- 


err- 

7 68/l(F>m 


1(> U m 


ASSIGNMENT 

1. In planning to bank a roadway whose radius of curvature is 180 ra 

it is expected that tralUc will move mound the euive at 72 km/hr. 
What should be the angle of banking if no dependence on friction 
is to be placed 7 Ans. 13° 

2. Dcteimine the mass of the earth from the period 7’and the ladius r 

of the moon's oihit about the earth, T 271 days and 
r = 3 84x 10' km. Ans. fix 10 2 'kg 

3. Mars has a mean diameter of 0,720 km and earth of 12,800 km 
The mass of the mars is 0 11 Me ( a ) How does the mean density of 
mars compare with that of Ihe earth 7 (b) What is the value of g 
on mais ? (c) What is the escape velocity on mars 7 

Ans. 0.76 cln, 0.4 g;:, 0.46 vu 

4 Calculate the angular velocity of a hour hand and minute hand in 

a watch. Ans. 1.45 .< I0' r rad/s, 1.74x lO -51 1 ad/s 

5 A 217 kg satellite travels initially in an approximately circulai orbit 

600 km above the suiface of the earth. Determine its speed and 
period. Ans. 7.7x 10 :l ms -1 , 5,7 X 10 3 s 
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SELF-ASSESSMENT 


1. Ail artificial satellite of the eaith appears to be stationary for an 
observei fixed on the earth (such a satellite is called Geo-stationary 
satellite). Find the distance of the orbit fiom the centre of the 
eaith, if satellite is at the earth’s equatorial plane. 

(Hint : Use , Kepler’s thud law. Take period of the moon as 27 
days and indius of moon’s orbit as 3 84x 10 B km.) 

2. How does the earth’s rotation affect the apparent weight of a body 
when the body is moved fiom equator towards any one of the poles. 
(Hint The centripetal foice necessary for the rotation of the body 
ispiovided by the force of gravity) 

3. State Keplei’s laws of planetary motion and Newton’s laws of 
giavitation. 

4 («) Show that to escape fiom the atmosphere of a planet a neces¬ 
sary condition for a molecule is that it has a speed v 2 >2 gR; 
wheie g is the acceleiation due to gravity of the planet and R is 
the distance of the molecule from the centre of the planet. 

(6) Determine the escape speed from the eaith for an atmospheric 
paiticle 1000 km above the eaith’s surface. 

(c) Do the same for the moon and the sun 


5. Mars has two moons, the larger one orbits at a distance of 6.9 
Martian ladius from the centre of mars and its pcuod is 30 hrs. 
The smaller one has a period of 7,6 hrs, find its distance from the 
centre of mais. 

6. (a) With what horizontal speed must a satellite be projected at 160 

km above the surface of the earth so that it will have a stable 
circulai orbit about the earth 7 (Take the earth’s ladius as 
6400 km). 

(b) What will be its period of rotation ? 


7. Show that centripetal acceleration is given by y 2 jr. 


rjiH'r p 1; ■ z r tioa 


f, r .>•- 


Unit, (i 


Acc. r; 
Ditto... 
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PREFACE 


This unit is ninth in a senes of units developed for try-out of the Indi¬ 
vidually Guided System of Instiuction (IGSI) in Class XI physics couise 
of the Central Boaid of Secondary Education, A booklet wherein IGSI is 
described is available under a separate cover This unit contains an 
introduction for motivation, arousing interest, and to link the present unit 
to pieceding and next units. The objectives given in this unit aie the 
expected learning outcomes, stated discretely so that the pupil will know 
what to mastei Several questions and pi obleins are included to arouse 
curiosity so that the pupil is encouraged to think cieatively. These units 
are suited for self-study with occasional help from a tutor. However, 
pupils following the traditional system may also find these units useful, 

In piepanng this unit, I was assisted by some teachers 

At this stage this unit is an experimental edition. I shall welcome any 
criticism and suggestion foi the improvement of this unit. 

The project for which this unit is prepared, is suppoited financially 
by the National Council of Educational Research and Training. How¬ 
ever, the responsibility for the facts stated herein, the opinion and views 
expressed and the conclusions drawn are entirely mine and not of NCERT. 


Rxjeshwar N. Mathur 
Reader 

Depaitment of Education in Science 
and Mathematics 
NCERT 


New Delhi 
20 May 1982 




INTRODUCTION 


Jn the pieceding unit you studied about cnculai motion where a 
point mass had been considered to move with constant speed In the present 
unit you will study in detail about the dynamics of rigid body rotation. 
Heie you will come across the fact that distribution of mass round the axis 
of rotation lather than mass itself plays dominating loie in ease of rotation, 
You may have obseived that when the blades of a fan rotate the point mass 
which is faithcst moves fastest while the point mass closest to the centie 
moves slowest In cncus you might have watched that an aciobat leaves 
a swing, with his body almost completely slietched out. Then he quickly 
folds his aims and legs with the lesult that his body rotates faster. Again 
when he stietches Ins limbs out the angular velocity of his body reduces 
Obviously while folding and unfolding the limbs the moment of inertia 
(which gives disti ibution of mass lound the axis of rotation) changes. The 
details of moments of inertia of a body and one of the most important 
conservation principles which is widely used in all branches of science and 
engmeeung, will be studied in the present unit In the next unit you will 
study the effects of motion of individual particles of matter 

OBJECTIVES 


To be able to 

1. Denvc relations between the angle of rotation, angular velocity and 
angular acceleiation 

2. Derive moment of inertia in some simple cases, 1 e. foi a umfoim 
ring and a circular disc about an axis 

3 Solve problems using 1 and 2 above. 

4 Slate, derive, and apply the pimciple of conseivation of angulai 
momentum, 

5 Solve problem involving torque and kinetic cneigy. 

6. State analogies between linear and angular motions 



SUGGESTED READING MATERIAL 


1 Equations of motion of a rigid body 

In Unit 3 you have studied the translatoiy motion of a particle. Heic 
we will study the rotation of a rigid body about a fixed axis. A ngid body is 
one whose constituent particles retain then relative positions even in motion 
i e. a rigid body can never be deformed Fig. 1 shows a rigid body rota¬ 
ting about a fixed axis passing thiough point O. Each pailiclc of the body 
will describe a cucle with centre at O As the body lotatcs particles 
closer to point 0 move thiough smaller distances than the pai tides away 
from point O. But if we fix a line OP in the body, all pai tides on this axis 
will move thiough same angle 0 with respect of an aibitrary axis OZ fixed 
in space. Since the body is ligid its position at a given tunc can be speci 
fled by angle 0, The equations of motion appear in simple form when 6 is 
expiesscd in Indians (lad). 



Fig 1. The angular displacement of a rigid body is the angle 9 between an axis 
OP fixed in the body and an axis OZ fixed in space 

The angle 9 in radian is the ratio of length of the arc s and radius r 


In one complete revolution the length of the arc is equal to circumference of the 

2 nr 

circle r Theiefore, the angle described in one revolution is equal to — rad = 2 r. 
rad = 2x3.14 rad 6,28 rad. Since one revolution is 360° 
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360° = 6.28 rad 


180° = 3.14 rad — 7r rad 
90“ = -y lad 

30“ = ~ rad 
6 

When the length of the die is equal to the radius (j = r ), 0 ■= 1 rad. Thus one radian 
is that angle which subtends an arc equal to the radius. 

As the body rotates the axis OP rotates along with it and d changes. 
We have defined angular velocity co in Unit 8 as the rate of change of 
angle &. 


If the angular velocity is changing, we define angular acceleration 
« as 


a = 


da 

IT 


• . 0 ) 


Since w is measured m rad/s, « will be measured in rad/s a 


Questions 

In Unit 3 you studied the linear motion of a particle. The position of 
a particle was specified by its distance from the origin of coordinate axis 
x which is analogus to 6 m this unit. The linear velocity v is then analogus 
to angular velocity w. What is the quantity analogus to accelaration a, is in 
this unit 

We will assume constant angular acceleration and derive equations of 
motion just like we did m Unit 3 for linear motion. Let us assume that we 
start counting time when axis OP coincides with OZ i.e. 9 — 0, and 
angular velocity is co 0 . Mathematically at t = 0, 9 = 0, and w = cu 0 . At 
a [later time t, the angle is 9 and angular velocity is w. Rearranging Eq. 
(3) and integrating we get 


Cii t 

f dos = J a dt 

aig 0 

This gives 

co —coq = a t 


3 



or w =t 

Rearranging and integrating Eq. (2) we get ..,(4) 

o i 

f dO --- 1 °> dt 
n o 

or using Eq. (4) 

6 t 

\dt - J K-l-aO dt 

0 0 


= \ (w 0 dt+a-t dt ) 

0 

t t 

= O) 0 j dt+a J t dt 
0 0 

or 0 ~ a> 0 1 -1 ^ * t z ■ (5) 

Again Eq. (3) can be written as 

dw cha dO _ d(a 

a ^UF^~df 1i =t ° dO 

O) 0 

J to cl w — J a. d 0 

tl)Q 0 

or w 2 —w 0 2 = 2 a 0 • '(6) 

Question 

In the linear case the equation analogus to Eq. (4) is v = u J t -at. What 
are the equations analogus to Eq. (5) and Eq. (6). 

We notice that the relations derived are similar to those of linear 
motion and are applicable to a rigid body only under constant angular 
acceleration. 

Questions 

1, Deduce the relation 

6 = (oj+<a 0 ) f/2 

where symbols have their usual meaning. 
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2, Referring to Fig. l,we stated that pure rotation of a rigid body can 
be described by the motion of any one of the particles (such as P) 
that make it up. Does that mean we can include even the particles 
that are on the axis of rotation ? 

3. Could the angular quantities 9, w and a be expressed in terms of 
degrees instead of radians in the kmematical equations ? 

Example 1 

What is the angular velocity m rad/s of a flywheel making 300 revolu¬ 
tions per minute 7 

Solution 

In one revolution the angle described is 360° or 2« radians 


300 (2tt rad) 
= (60s) 

= IOot rad/s 


Example 2 

A wheel is turned from rest through an angle of 200 radians is 8s. 
(a) What is its angular acceleration ? ( b ) What will be its angular velocity 
-and displacement after 16s from start ? 

Solution 

(a) For motion from start to t = 8 s 

6 = cu 0 f+* « f2 
200 rad = 0+| <x(8 s) s 
or a = 6.25 rad/s a 

(b ) For motion from start to / = 16 s 


a> = cu 0 +a t 

or m = 0+(6.25 rad/s s ) 16 s 
= 100 rad/s. 
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To determine the angular displacement we use Eq (6). 


at 2 —«i n 2 = 2 ot 0 

(100 rad/s)"—0 2,:6.25 rad/s a \fl 

0 - 800 rad 


Problem 

A flywheel makes 240 rmp. Calculate the angular retardation necessary 
to bring it to lest in 20s, and the angle through which it turns. 

2. Rotational kinetic energy and moment of inertia 

Fig 2 shows a rigid body rotating with uniform angular velocity w 

about an axis, Let the mass points constituting the body be /n lt »j 2 ,. 

ith at distances of r x ,r lt . r n fiom the axis of rotation, Their linear velo¬ 
cities are v 1( v 2 .v„ respectively. Kinetic energies of these particles are 

2 2 

therefore \ m x Vj , \ nu v“ , . .. \ m n v“ respectively. The total kine¬ 
tic energy of the body T will be the sum of kinetic energies of individual 
particles constituting the body. Hence 

T •== £ n h \ 4 \ wij, * -(-.-|-£ m„ v 2 ...(7) 

1 z n 



lug. 2. A rigid body rotating about an axis, The body is made up of a large number 
of masses mx, m 2 , m 3 .having linear velocities vi, v a , v 3 . 
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The relationship between linear velocity v and angular velocity a> can 
be found by differentiating both side of Eq (1) 

dO 1 ds . 

dr = 7dF (risconstant ^ 

or u = — . (8) 

Therefore 

iq = r x Oi 

v a = r 2 oi 

...(9) 

Vn — r H a> 


Substituting Eq. (9) in Eq. (7), we get 

T = £ tth (r 1 oi) 2 +l m 2 (r 2 oi) 2 4- (r„ o >) 2 

= 4 0« x Pi a +m 2 r a *+.+W n r„ a )a) z 


71 


T - ( S r, 2 ) a) 8 



i = 1 


Let us put 

n 

I = L r< 2 

i=l 

...(10) 

Hence 

T = \ I o) 2 

..(11) 

The quantity 

n 

I = v m ( n 2 is 

known as the moment of inertia of 


i=l 

the body about the axis shown in Fig. 2. If theie is a continuous distribu¬ 
tion of mass points, comprising a body, about the axis of rotation, then 
considering a small mass dm at a distance of r from the axis of rotation 
one can say that the moment of inertia of the small mass dm is r 2 dm 
Hence moment of inertia of the whole body about the axis of rotation is 

l = \ r 2 dm ...(12) 

Eq. (11) gives the rotational kinetic energy of a body. Eq. (11) is the 
analogous expression for translational kinetic energy (= \ mV 2 , where v is 
the linear velocity and m is the mass of the body which is a measure of 
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inertia in case of translational motion). One can define moment of inertia of 
a body as the measure of inertia in case of rotational motion. It is clear from 
Eq, (10) that moment of incitia not only depends upon the masses of the 
particles of which a body is composed but also upon their distances from 
the axis. Therefore moment of inertia of a body about an axis is constant 
However, for the same body, the moment of inertia is different for 
different axes of rotation. It has the same value for the same body and 
same axis of rotation irrespective of the state of motion. Its dimensions 
are ML 2 . The units for the moment of inertia are kg m 2 in the SI Units, 

Our next task is to calculate the moment of inertia for a lew simple 
bodies. 

21 Moment of inertia of a uniform ring about an axis through its centre and 
perpendicular to the plane of the ring 

Let us suppose O is the centre of the ring of mass M and radius r 
through which the axis is passing perpendicular to the plane of the ring. 

All mass points m t , m a , ... .m» of which ring is composed are at a 
distance of r from the axis. Moments of inertia of these mass points are 
nil r s , .. m n r a respectively. Hence, the moment of inertia of the 

entire ring is given by 



Fig, 3. A ring is made up of Jarge number masses such ns m. 
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But 


I = m l r 2 -\-m s r 2 -\-m 3 r 2 + . .. +m B r 2 
= (m^ma+nij +- .. ,+m.) r 2 

m i+ nj a+ m 3'l“". -j-Wit = M — whole mass of 

the ring 

Thus / = A/r 2 .. (13) 

2.2 The moment of inertia of a uniform circular disc about an axis through 
its centre perpendicular to the plane of the disc 

Consider a uniform circular disc of total mass M, and radius r. Since 
the disc is uniform we define mass pei unit area 



Let us consider two circles of ladn x and (x+dx) as shown m Fig 4 
Then shaded area in Fig. 4 looks like a ring. The area of this ring will be 
equal toJ(since,thickness'of the disc is assumed to be very small that is why 
we are talking about area, otherwise one must talk about volume). 

v {x+dxf—n x 2 ..(14) 

—2n x dx 


Fig. 4 A ring element of thickness dx is used to determine the moment of inertia 
of the disc. 



9 



Where the small term v (dxf has been neglected 
Mass of the circular ring is given by 

dm — 2 ir x 2 dx 


Thus from the earlier derivative, one can say that moment of inertia 

of the ring considered is 


dm x- --- (2rr x e d x) x- 

- 2 ■n G x a dx ...(15) 

The moment of inertia of disc now can be found by dividing the 
entire disc into many such small rings and then summing out their 
moments of inertia, which effectively means integration of Ecj. (15) within 
the limits 0 to r. 

Hence the moment of inertia of the circular disc about the axis 
through O is 


J\2 tt 6 af dx 
o 


- 2 rr e [*74]„ r 

-- 4 * e [/•“-o'] 
=■ i fr e r 4 



= 4 Mr- 


We considered a circular ring between radii x and (x+dx), because 
distance between any point in the ring and centre of the disc is constant, 
The circular ring is a sort of mass point dm. 

Questions 

1. Is the moment of inertia a scalar or vector? 

2. If two circular discs of same weight and thickness are made 
from metals having different densities, which disc will have the 
larger rotational inertia about its central axis? 

3. A person can distinguish between a raw egg and a hard boiled 
one by spinning each one on a table. Explain how? 


10 



4. In the calculation of I of the circular disc about the axis in Fig. 4, 
mass point dm was taken to be circular ring within radii x and 
(x+dx). Can you take mass point of any other shape ? Explain. 

Example 3 

A dumbell shown in Fig. (5) is rotated with angular velocity 1 rad/s 
first about axis AB and then about axis CD. Compute its K.E. in each 
case. 



Solution 

Since the system consists of discrete masses, Eq. (10) can be used to 
compute the moment of inertia about axis AB 

Iab = £ im r< 2 

i 

= m x r t s + m 2 r a 2 

= (0.2 kg) (0.1 mf + (0.2 kg) (0.1 mf 
= 0.004 kg m a 

The kinetic energy in this case is 

K.E. = } J AB ^ 

= \ (0.004 kg m a ) (1 rad/s) 2 

»-Q.002 joule 

«r 
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Let us compute the moment of inertia about axis CD 
lea •- 2 nt , r " 

I 1 

2 2 
:= Ml, r j -!• wi 2 r 2 

- (0.2 kg) (0) -i (0.2 kg) (0.2 m) a 
=--• 0,008 kg nr 
and 

K.L. =» ji /cm <i!" 

=- .V (0,008 kg in 5 ) (1 rad/sj 5 
«. 0 004 joule 

Example 4 

A 50 g.meter stick of 2 cm width and negligible thickness is rotated 
with 2 rad/s about a vertical axis AB passing thtougli its centre (Fig. 6.), 
Calculate its moment of inertia and notational kinetic energy. 



A 

Fig, 6 


Solution 


Since the mass of the stick has continuous distribution Eq. (12) rather 
than Eq, (11) will be used to compute the moment of inertia (why 7). 

The symmetry of the problem suggests we should consider a rectangular 
mass element dx at a distance x from the axis. The meter stick can be 
considered as made up of large number of such rectangles, Since the mass 
is uniformly distributed, the mass per unit area is 


P 


Mass_0,05 kg 

Area ~ 0.02 mxlm 


~ 2.5 kg/m 2 
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The mass of the element dx is 

dm - e (0.02 m x dx) 

- (0.05 dx) kg/m 
I ah = J dm x 2 

T 0.50m 
= 0.05 J X 2 dx 

t- —0.50m 

= 0.05 [ ^ m): 

= 4.6 xlO" 1 kg m 2 

Rotational kinetic energy — \ I a> 2 

= 1 X 4 6x 10- 1 x 2 2 / 
= 9.2 J 


] kg/m 

(—0.50m) 3 


] kg/m 


3. Angular momentum, torque, and conservation of angular momentum 
3.1 Angular momentum 

While studying linear motion (Unit 7) momentum was defined as 
product of mass and velocity 

p = mv 

Analogously we define angular momentum L of a rigid body (such as 
a rotating flywheel) as product of moment of inertia and angular 
velocity. 

L = I co ...(16) 

In the case of a single particle moving in a circle (Fig. 1) I = mr 2 and 
co = v/r, therefore, its angular momentum is 

1 — I <o 

= mv r 

= rp . (17) 

Vectonally / can be expressed as a vector product 

l — r X p ■ -(18) 

Thus moment of momentum is called angular momentum. 

Question 

For a body moving in a horizontal circle of radius r with linear 
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momentum P (-- mv) Fig. 7. what should he the direction and magnitude 
of angular momentum '! 



Fig. 7 A mass m moving in a circle of radius r The momentum p is in a tangential 
direction 


Let us now differentiate Eq. (18) with respect to time t, we get 


dl 

dt 



dr 

dt 


p+r 


dt 


■(19) 


Here —-= y (velocity of the body). Since v and p are in the same 
direction 


dr 

dt 


x p — v x p — 0 


Thus in Eq. (19) 


dl 

dt 


‘-if dp 
-* X Jt 


But from Newton’s second law, F = 


dp 

dt 


Hence 


dl_ 

dt 


= r X F 


-( 20 ) 


Eq. (20) states that rate of change of angular momentum is the vector 
product of r and F where r is the distance (vector). The product (r X F) 
is defined as the torque t 

t - r X F -(21) 
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The rotational effect which is produced by torque depends not only 
on the magnitude of the force but also on the distance and orientation of 
the force. 

Hence Eq. (20) can be written as 


cU_ 

dt 


T 


...( 22 ) 


We have seen in linear motion that when a force acts on a body, its 
momentum changes and rate of change of linear momentum is measure of 
the force applied. Likewise when a troque acts on a rotating body, its 
angular momentum L changes and it is clear from Eq. (22) that rate of 
change of angular momentum of the body is a measure of the torque 
applied. 

3.2 Conservation of angular momentum 

Let us again cosider a rigid body made of a large number of particles 
of masses m u m 2 , m 3 .for each of which l x , l 2 , / 3 ..are the angular 
momenta. Hence 


dk_ ,dk 
dt 11 dt 



(23) 


where t 1s * 2 , t 3 .are the torques acting upon the particles. Since each 

angular momentum is along the axis of rotation (why ?), the total angular 
momentum of the body will be 

L = h + h + h + • • -(24) 

Taking the tune derivative we get 

dL dly dl 2 , dl 3 . 

~3t = nr^dr + ~dr + . 

^=* Tl + r 2 +r 3 -|- .... ..(25) 


or 


dL 

di 


= r 


where the resultant torque f — T i + T 2 > + r 3 + 
If the resultant torque P is zero, then 



L = constant. 


.(26) 
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i.c total angular momentum of the system is conserved. This is known 
as the principle of conservation of angular momentum, which can be 
stated as follow: 

When (lie resultant external torque acting upon a system of policies is 
zero, the total (vector sum) angular momentum of the system remains 
constant. 

It may be noted that this principle is similar to the principle of 
conservation of linear momentum. 

Illustration 1 

Let us apply this principle in the case of rotating discs as shown in 
Fig 8. 




AFTER 


Fig. 8 


Initially two discs are rotating independently with angular' velocities 
oj 1 and aj a . A force jpis applied along the axis of the s.maller disc, to join 
the discs as shown m Fig. 8. Since F does not produce any external torque 
(why ?), the total angular momentum must be conserved. 


Total angular momentum before joining them (see Eq. (16)) is 

= I x u>j + 7 a uj 3 (28) 

Total angular momentum after joining them 

= ...(29) 

Where in this case 7 — Moment of inertia of the system of two discs 

= h + h ■ .( 30 ) 

Hence conservation principle of angular momentum demands 

h °h + h “a = (fi + 7 2 ) w ..(31) 
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Fig 9 


Illustration 2 

A person performing acrobatics is also an illustration of conservation 
angular momentum. If the person stretches out his hands and legs as shown 
in Fig 9(a), after leaving a swing the value of I increases considerably. Thus 
his angular speed decreases. Whereas when he draws his hands and legs 
in the inward direction as shown in Fig. 9(b), the value of I decreases and 
his angular speed o> increases considerably Thus his angular momentum 
(/«) in both the cases remains constant. 

Questions 

1. What are the dimensions of angular momentum? Can you find any 
significance in the fact that they are same as those of energy mul¬ 
tiplied by time? 

2. State Newton’s three laws of motion in words suitable for rotating 
bodies. 

Example 5 

A 25 kg flywheel has a radius of 0.2 m. It is making 240 rpm. 
What is the torque necessary to bring it to rest in 20 s7 If the torque is 
due to a force applied tangentially on the rim of the flywheel, what is the 
magnitude of the force? 
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Solution 


Initial angular velocity of the flywheel 


240 


rev 

rairT 


240 ir rad 


60 s 


Htt rad/s 


Final angular velocity oh - 0. 

Olf =r Oil ! a l 


a =- 



8rr rad/s 
' 20s 


27T 

5 


rad/s 2 


But moment of intertia 


Hence torque T 


\ MR 2 ■ - ’ X25x(0.2j- kg m 2 
‘i kg m" 

/« 

} (— -j-) kg m 2 rad/s 2 


- -.4- Nm 
IS 

Again force / is applied tangentially, thus magnitude of torque due to 
the applied force 



or f = JL 


it Nm 
T 0.2m 
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Example 6 

What is the horse power transmitted by a shaft turning at 3(| 

toique is found to be 800 Nm. i 

1 

Solution 


aj __ 3000 

nnn 

oAAr\ 3 tt i ad 

OJ ~ 3000—^- 

60 s 

— 100 lad/s 

p = r o> 

— 800 Nmx 100 md/s 

=80,000 watt 

80.000 Hp 

746 

= 107 HP. 


Problem 

A cord is wound around the circumference of a wheel of diameter 
0.3 m. The axis of the wheel is horizontal. A 0.5 kg mass is attached at 
the end of the cord and it is allowed to fall from rest. If the weight falls 
1,5 m in 4 s, what is the angular acceleration of the wheel 7 Also, find out 
the moment of inertia of the wheel. 


(Ans. 1.25 rad/s 3 , 0.588 kg m a ) 

4 Work done by torque, and analogy between rotational motion and 
translational motion 

Let two equal and opposite forces F,—F act tangentially on the lim of 
a disc fiom the extremeties of a diameter. Let the disc be free to rotate 
about an axis thiough its centre O perpendicular to the plane of the disc. 
If the couple lotates the body through a very small angle 6 , the displace¬ 
ment sof each force is given by s — r 0. Since 0 is very small the dis¬ 
placement a is almost in the same direction as F. Therefore work done by 
a single force is Fs — Fr 6. The total woik done by two forces constituting 
the couple is 2 Fr 0. But 2rF is the moment of the couple or toique f. 
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Hence work clone by the toiqne 


»' - r » . .(34) 



TABU. 


Ilcclilinem motion 

Rotation about a lixed axis 

Displacement 

\ 

Angular displacement 

i 1) 

i 

Velocity 

tli 

■’ (it 

Angulai velocity 

</(> 

1 W = -T~ 

1 (// 

1 

Accclciation 

dv 

Cl - -r— 

(It 

Angulai accclciation 

llw 

Tt 

\ 

Mass 

M 

Rotational inei tin 

i 

i / 

Force 

F ----- Ma 

Torque 

r == /« 

Work 

W - jFclx 

Work 

iv - jr do 

Kinetic cneigy 

i m v' 

Kinetic energy 

£ / or 

Power 

P Fv 

Powci 

p w 

Linear Momentum 

Afv 

Angulai momentum 

I to 
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The power deliveied 


n dW Tde „ 
p ~-T = T = r " (J 

Eq. (34) is yet anothci example where analogy between linear and 
lotational motions are quite appaient 

In the table given we compare the ti anslational motion of a rigid 
body along a straight line with the rotational motion of a i igid body about 
a fixed axis. 


ASSIGNMENT 

1. The ladial distance from a given axis at which the mass AT of a 
body could be concentrated without altering the rotational ineitia 
of the body about that axis is called the radius of gyration. Let k 
icpresent radius of gyiation. Show that 



I — Moment of inertia of the body about the given axis 

Hence show that a solid cylinder of mass AT and radius R is equivalent 
to a thin hoop of mass AT and ladius R/y/ 2. 

2. What is the angular velocity m rad/s of a tuibo-jet aircraft engine 
ai 1500 lprn't The engine is acceleiated in pieparation of take off 
At the end of 10 s it lotales at a frequency of 8000 rpm. Find the 
angulai acceleration assuming it to be a constant and also the 
total angle it has turned through dining 10 s intern] 

Ans 157 rad/s, 84 iad/s a , 4189 lad 

3 A lotor can be accelerated fiom rest to an angular velocity of 
50,000 rpm in 0,2 s. The moment of inertia of the lotor about its 
spin axis is 385 g cm a fa) what is the angular acceleration as the 
lotoi is brought up to that speed 7 (b) what torque is needed to 
pioduce this angulai acceleration 7 


Ans. 2.6 x 10 1 rad/s 2 ,1 Nm 
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4. Compute the moment of inertia of a mctei stick of mass 50 gaud 

width 2 cm and negligible thickness, about a vcitical axis passing 

through one of its edges (Fug. 12). 



I 

D 

5'IS. 12 

5 Compute the moment of ineitiu about axes AB, CD and passing 
thiough 10 kg mass pcrpcndiculat to the plane of the paper of the 
system shown in Fig, 13 

Ans. 10 kg in-, 10 kg nr, 15 kg m 2 

C A 



V B 

Fig. 13 


6 Write down the lotational analogies of the following: 
(a) s --- ut- t-i gl¬ 
ib) F - ma 
(c) Power - - Fv 
{cl) Work — Fs 
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7 The oxygen molecule has a total mass of 5.30x 10 -20 kg and a rota¬ 
tional inertia of 1.94xl0- J0 kg. m 2 about an axis through the 
centre perpendlculai to the line joining the atoms Suppose that 
such a molecule in a gas has a mean speed of 500 m/s and that its 
rotational kinetic energy is 2/3id of its translational kinetic energy 
Find the aveiage angulai speed 


Ans 6 75 X 10 12 lad/s 

8. A man stand at the centie of a turntable, holding his arms 
extended horizontally with a 5 kg mass in each hand. The turn¬ 
table is LOtated about a vcitical axis making 2 lev/s The man 
then suddenly dtops his hands to his sides Calculate his new 
angulai velocity. Assume the moment of inci tia of the man to be 
constant and equal to 0 2 kg m a : original and final distances of the 
masses from the axis 1 m and 0 3 m. 


Ans. 18.5 lev/s 


SELF-ASSESSMENT 

J Derive an expression foi the moment of inertia of a thin lod about 
an axis through one end and nonnal to its length. 

2. A 0 1 kg mass tied to one end of a string is whirled around in a 
horizontal circle of radius 0. 5Vf with a velocity of 0.1 m/s as in 
Fig 14 The othci end of the string passes thi ough a hollow 
pipe and a force Facts on it The radius is suddenly decreased to 
0.25 m Calculate the final velocity of the mass. 



3. An automobile engine develops 100 HP when rotating at a speed 
of 1800 ipm What torque does it delivei 7 
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4. Assume the earth to he a spheie of uniform dens,tv 

(aj What is Us rotational kinetic enemy? Take th,» ,-, r v 

“»!■'? •» and mass ^ ‘ 6 “S 

kg. (Given I 2/5 A/7?"). L X' 0 '" 

(bj Suppose tins L-ncit.y could ho liamcsscd for man’s use , 
how long could the carl], supply I k,v of pmm 
4 , 10" persons on the earth? ac “ 

5. Give the rotational analogies of the following: 

(ll) V ' = <h) Velocity 

(c) Linear momentum (dj Kinetic energy 


Naii 

T ■ 


i.' JTriv Ttion 


i ' tioa 

c i , L. j. , ^ 

acc. i\ r j. .fr.r.JA L8.yC %)..... 
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INTRODUCTION 


You know that matter is made up of molecules and due to thermal 
energy, they are in a state of constant motion. Molecules also interact 
among themselves. If the thermal agitation is much more dominant than 
force of interaction between molecules, they fly apart. This phase of mat¬ 
ter is called gaseous state, where molecules move randomly. In the present 
unit you will study about this random motion of molecules in the gaseous 
states. The direct experimental evidences of this haphazard motion of 
molecules are phenomena such as diffusion and Brownian motion. In this 
unit you are also going to apply the laws of mechanics you studied in 
previous units. Task will not be very gigantic since we will calculate pressure 
for an assembly of molecules for which detailed life histories of individual 
atoms are not important. In the next unit we will continue with the 
same and learn about the concept of temperature in the context of kinetic 
theory. 


OBJECTIVES 


To be able to 

1. Differentiate between macroscopic and microscopic definitions of 
an ideal gas. 

2 State basic assumptions (microscopic description of ideal gas) for 
the development of kinetic theory of gases and know their conse¬ 
quences. 

3. Distinguish between mean, mean square, and root mean square 
(rms) velocities and to calculate their values. 

’ 4. Derive the expression for pressure exerted by an ideal gas on the 
basis of assumptions mentioned in objective 2. 

5. Answer questions and solve problems based on objectives 2, 3, 
and 4. 

6, Deduce important gas laws from the expression for pressure exer¬ 
ted by a perfect gas. 



SUGGESTED READING MATERIAL 

1. Ideal gas model—macroscopic and microscopic description 

The world of molecules is totally chaotic, Thus if one wants to study 
the motion of molecules in an assembly of the them, on an individual basis 
with the help of laws of mechanics; one is sure to find difficulty. But if one 
is interested in the collective (or macroscopic) behaviour of molecules, no 
matlei how much weird the behaviour of single molecule be, problem 
will not be utterly hope'ess. At this junctuie, the terms macroscopic and 
microscopic need a little elaboration. Macroscopic simply means, pertaining 
to largei domains, e.g. a whole assembly of a large number of molecules, 
pioblems concerning celestial bodies and so on. Microscopic world is 
confined to quantities concerning minute entities, e.g. volume occupied by 
a molecule, mass and charge of subatomic particles and so on Now com¬ 
ing back to a system of an assembly of gas molecules, we know that the 
over all state of the system can be described by ovei all pressure, volume, 
temperature, etc Hence such quantities are mnetoscopic vanables and they 
aie calculated by averaging techniques, aveiaging, of course, must be 
carried out over all minute components (molecules) of the system, which 
are microscopic entities. 

Howevci, to initiate a study, a model is needed which helps in explai¬ 
ning and understanding a laige body of facts, both qualitatively and quan- ' 
titativcly. The simplest model available is that of an ideal gas, whose 
macroscopic definition (the definition in terms of macroscopic variables 
such as pressure, volume, tcmpciaturc, etc.) will be as follows: 

Given a definite mass (say, n moles) of a gas at pressure P, tempera¬ 
ture T, and volume V, experiments have shown that these variables 
are related to each othei by a simple relationship 

PV-=nRT ...(1) 

(where R is Universal gas constt. = 8,3l4 J/mole K) 

then the gas is called an ideal gas; which obeys the relation (1) under 
all conditions. Eq. (1) is called the equation of an ideal gas In reality 
there is no such thing as an ideal gas; but it remains a useful and simple 
concept connected with reality by the fact that all real gases approach the 
ideal gas behaviour at veiy low densities. 

From the microscopic point of view, we define an ideal gas by making 
assumptions to be given shortly, which are also regarded as the basic 
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assumptions of kinetic theory of gases. In here, we will be applying 
relatively simple mathematical averaging technique to enhance our knowle¬ 
dge about the pressure exerted by a gas. 

Following are the fundamental assumptions of kinetic theory of gases 
(or the definition of an ideal gas from microscopic point of view). 

1. Gases are composed of a large number of molecules and mole¬ 
cules of a particular gas are identical in all respects. 

2. The size of a molecule is negligible compared with the average 
distance between two molecules. Thus actual volume occupied 
by the molecules is extremely small in comparision with the volume 
occupied by the gas. 

3. Gas molecules are perpetually in a state of chaotic motion; they 
move in all possible directions with all possible velocities. 

4. In course of this haphazard motion, molecules collide with them¬ 
selves and also with the walls of the containing vessel. The 
collisions are perfectly elastic resulting into no loss of energy or 
momentum. 

5. The time occupied by an encounter between two molecules is very 
small in comparison with the interval elapsing between successive 
encounters. 

6. The pressure exerted by a gas on the walls of containing vessel is 
due to bombardment of molecules on the walls. 

7. Gas molecules exert practically no force of mutual interaction. 

Strictly speaking none of the above assumptions are true for real gases; 
nevertheless the model thus developed on the basis of these assumptions 
tolerably satisfactorily explains a large number of experimental facts about 
gases some of which you are going to study. 

2. Expression for pressure exerted by an ideal gas 

Consider a cube of side l and (Fig. 1) volume V (where V = / 3 ) enclo¬ 
sing an assembly of n number of gas molecules with mass of each molecule 
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m. The molecules arc in radom motion Their velocities at an mstant ot 
time arc c x . c 2 , c., .c*. These velocities can he resolved into three 



B 

Fig. 1 


components along the three mutually perpendicular X, Y and Z axes. 
Considci molecule with velocity c, whose components along X, Y and Z 
axes are m, v< and \v t respectively; then (Detailed discussion is given in 
appendix A Go through it and then proceed further) 

c — u + v. - w .. (2 

III J N J 

or for all the n molecules 

n 2 n 2 2 2 

2 c = £ ( u . -|- v -I- it- ) .,(3) 

;=1 ‘ i=l ^ * ‘ 

You have learnt in a previous unit that if velocity resolution is taking 
place along X and Y axes, then 


(Eq. (3) is the generalisation of the above in three dimensions). 


4 



Let us now suppose i‘ h molecule starts off the face OAGF, moves 
straight ahead along X axis, collides with the face BODE and comes back 
to its starting point You must have realised that the assumption itself is 
too unreal: nevertheless let us move ahead with the same. On staking 
BCDE, change in momentum of the i ,h molecule along X axis will be equal 
to 

mm — ( — mm) = 2 mm ( 4 ) 

(Since on collision, only direction of momentum is leversed, there is 

no change in the magnitude). In course of its entire journey, molecule 
describes a distance 2 1, assuming that its velocity along X axis lemams 
fixed (i.e. m) total time taken to accomplish this voyage is 

(2 l/ui) (5) 

Hence numbei of collisions between i lh molecule and face BCDE in 
one second is 

O'J I 2 l) .(6) 

Since, in one collision change of momentum is (2 mu%), for (u</2 /) 
collisions taking place in one second, change of momentum will be 
(2 nun) X (i/i/2 /) equal to ( mu^jl) This will be the change in momentum 
foi \ th molecule along X axis in one second. Thus for all the n molecules 
rate of change of momentum along X axis will be 


m 


, £ u 
1 f=l * 


•(7) 


Fiom Newton’s second law this is the foice exerted along X axis 
(Say, F-) 


in 


Thus Fx ~—r n 

1 i=i ' 

Hence pressuie P x along X axis will be 


*• “ w - -Jr S «; 

' 1=1 ' 


or 


m " 2 

Px = T j. u 
v /=! J 


Similarly pressure along Y axis will be 


p _ m y 

- -v r - 


( 8 ) 


...(9) 

. ( 10 ) 
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and that along Z axis will be 


_ III " 2 

P: = — Z «V 
*' 1-1 

■dl) 

Let us again make an assumption that 


P\ P y - P: -- P (say): which is 

not too bad (why?), 

Then 


... n 2 2 2 

3P -- tt- Z (» 1 v. -I vr, ) 

' i=i ' ' ' 

. ,(12) 

Fiom Eq. (3) 


IM ^ 2 

3? = 4" £ c 

1 ; = I ' 

. (13) 

Now mean square velocity c- of the molecules will be defined as 
(Detailed discussion is given in appendix B) 

2 2 2 

^ - Cl 4 C 2 ’’ • ■’ r « '' ( . 2 /„ 
n /=|'< 

(14) 

Hence vq = 

^ i 

• (15) 

Using this in Eq. (13) we get 


PV = J nine" 

.(16) 

OI 


II 

V 

.(17) 

But 6 (Density of the gas) - 

• (18) 

Hence P -- J e c~ 

(19) 


This is the expression for pressure we wanted to calculate. 
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From Eq (19), we get 


rw - \J~ ■ m 

4c* is called the root mean square (raw) velocity of molecules 

2.1 Discussion and questions 

There are many apparent flaws which you may point out m the deri¬ 
vation of Eq. (19) We shall now tiy to explain some of them or put as 
questions. 

1. in Eq. (19), c 2 is the mean square velocity of molecules where 
vve have earheL stated, rq. eq, . c„ are the velocities of molecules 
at an instant of tune One may then think that Eq (19) is not 
valid fot all times. Now if c 2 is calculated ovei a few molecules and 
for a short time, then, of course, fluctuations may occui in the 
expression for c 2 given by Eq (20). But if the numbei of molecules 
is very lai gc and average is taken over a tunc large enough, then 
fluctuations can be ignored. 

2. In deriving Eq. (19) wc have assumed walls of the container to be 
elastic Actually, walls may be inelastic. In practice this makes 
no diffeicnce as long as the walls arc at the same tempeiatuic as 
the gas; why 7 

3. We have assumed, P x = P y — Pz. But along Z axis force of 
gravity is acting. What justification is there in neglecting the effect 
of giavity 7 

4. In Eq. (19), we have implicitly assumed that the force exeUed by 
the molecules on the walls of the containei is steady in time. What 
justification is theie ? 

5. We deiived Eq. (19) by neglecting collisions between particles is 
Eq (19) true even when we considei collisions. Answei is yes, 
because of the exchange of velocities in an elastic collision between 
identical particles there will be always one molecule which will 
collide with the wall BCDE with momentum mu, corresponding to 
one that left the wall OAGF, Also the time spent during collision 
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is negligible compelled to the time spent between collisions Hence 
neglecting Fiiction liilioduccs no senous erroi. 

6. Oui derivation of Eq (19) is foi a conUunei cubical m shape, Will 
the lesult be still valid if we take containei of any shape f 

Answer is obviously yes: to veiify it try to lededuce Eq (19) by assum¬ 
ing containei to be a cuboid 01 of any shape 

2.2 Consequences of basic assumptions of kinetic theory of gases 

In oidei to understand Lhe vai ious assumptions of kinetic theoiy of 
gases m a betLci way, let us put few questions. You must Lry to answei 
them before pioceeding fuither (answcis must be qualitative) 

1. In one of oui assumptions, we jegard molecules to be mass points 
because its size was assumed to be negligible in comparison with 
the aveuigc distance between two molecules. In icalily molecules 
do occupy definite volume, hence how will Eq. (19) get modified? 

2. We assumed collisions between molecules to be pci lectly elastic 
and of negligible dmalion. What effect will you have m Eq. (19) 
if collisions aie inelastic and not of negligible duration ? 

3. If you don’t have an assembly of huge number of molecules, what 
effect arc you going to expect on the exptession of picssuic given 
byEq. (19)? 

4. If force of inteiaction between molecules is finite, how is the ex¬ 
pression for piessurc going to get affected ? 

Example 1 

Calculate the root mean square speed of hydrogen molecule at 0°C and 
1 atm picssuie, assuming hydrogen to be ideal gas 

(Given at 0°C, density of hydiogen = 9 x It) -6 g/cm :i ) 

Solution 

Density of hydrogen p = 9 x 10" 5 g/cm’ 

^ 9 x 10' s kg/m 3 
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Pressure P — 1 atrn -- 1,01 , 10“N/nt" 
Hence, 



V 3 x 1 01 xlO 1 

9 X 10- 2 

1840 m/s 


Example 2 

(a) Compute the mis speed of an aigou atom at room temperature 
(27°C) 

(b) At what temperature will rnis speed be half that value '> Twice 
that value '? 

(Given, molecular mass of argon 40 g/mole, R — 8,3 J/mole K) 


Solution 

We know for l mole of a gas 

PV = £ Me- (wheic M Molcculai mass) 
But PV - RT (foi 1 mole) 

RT = $ Me 1 


RMS speed T 



3 RT 
M 


V 3x8.3x300 
40/1000 


m/s 


432 m/s 


We notice, c a oc 7 1 

At 300 K, Vc* is 432 m/s; let at temp. 7\, Vc 2 be (432/2) m/s, Then 


300 K / 432 \ a 

7) \ 432/2 j 

7 1 , = 75 K 
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Stnulaily at I'.< (say), \/ c ' is (2 432) m/s, 


Then 


300 K f 4.32 \- 

T. ' \ 432 . 2 J 

T., 1200 K 


Example 3 

How many molecules are there in l() _,i in' of uii at 300 K having a 
piessurc of 10 n N/ni- ? 


Given, Boltzmann constant k 


R (Umveisal gas constant) 

M (Avogadro’s number) 

1.38 ■ 10 _ joule/molecule K 


Solution 

We know that 


PV =- nRT 


where n = No. of moles 


in (mass of the gas) 
M (Molecular mass) 


Let u, = No. of molecules (to be calculated) pi esent m the given 
amount of gas 


If p — Mass of each molecule 
Then m = n L g 


M N g ; 0V = Avogadio’s number). 


Thus 


PV 


_ Oh) (h i 

Np 


R 


oi, PV = ( Hl A!) RT 


or 


«i 


PV 

(RjN)f 


But RjN = k — Boltzmann constant 


Hence n 2 


PV 

kT 
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Now P = 10 5 N/nV- 
K = 10-“ m' 

T = 300 K 

k == 1 38'' joule/ molecule K. 

10V.I0-" 

Hence//i - ? qq • i 
; ( l ---- 2.5 10'“ 

Problems 

1 The density of nitrogen is 1.25 g/litie at S.T P. calculate the ruts 
speed ofits molecules. 

2 Given that the universal gas constant (/?) is 8.3 joule/moJc K and 
the atomic mass of chloiine 35.5 ; find the nns speed of chlorine 
molecules at O ’C. 

3. Show how to find the loot mean square speeds of He and Ar 
molecules at 40 n C fiom that of oxygen molecules (460 m/s at 0°C) 
The molecular mass of oxygen is 32g/molc, of Ar 40 g/molc, and 
of He 4 g/molc. 


3. Deduction of laws describing behaviour of gases 

So far we have set up a mode!, viz. ideal gas made assumptions from 
microscopic angle and on the basis of that wc deuved an expiession for 
piessurc exerted by a perfect gas. Let us now examine how fai these 
all explain the vauous laws describing the behaviour of gases. If we can 
show them to be valid foi our ideal gas model, microscopic definition of 
ideal gas will be consistent with macroscopic definition. 

Gas Laws 

One can write liq. (16) as 


PV -- (2nJJ) % m c a ..(21) 

where (* me 2 ) is the average kinetic energy of translation per molecule 
When we heat a gas Us molecules tend to move faster suggesting that kine¬ 
tic 

on. tempc iature. The aveiage kinetic 


-ties ? 



energy of translation per molecule can he assumed to be proportion to 
temperature, 1 e. 

J mc i cc T 

Hence, we get from Eq. (21) and Eq. (22) 

PV — Constant T 
(Since (2/i/3) is a constant 

Thus at constant tempciatuie (/') we get 

PV - Constant (Boyle’s Law) 

At constant pressure [P), we get 

V - Constant 1 T 
L oc T (Charle’s law/ 

At constant volume (V), we get 

P Constant - T 
P oc T (Law of picssurc) 

3.1 Avogadro’s hypothesis 

Avogadi'o's hypothesis states that at the same condition of pressure and 
temperature, equal volumes of all gases will contain equal number of 
molecules. 

To deduce this let us consider two different assemblies oT two different 
types of gas molecules, maintained at the same condition of prcssuic P and 
temperature T and their volumes V are same. 

Let n lt u 2 — Number of molecules present in the two different gases. 
»*i, /»g = Masses of each molecule of the two different gases. 

c 2 c 2 ~ Mean squate velocities of gas molecules in two different 
gases. 

From Eq. (19), 


( 22 ) 

(23) 

(24) 

(25) 

(26) 


PV — i mi n L cf 


-.(27) 
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and 

PV = £■ m 2 » s c~‘ 

...(28) 

Hence 

i ni y «! cl = $ m 2 n 2 c\ 

.(29) 

or, 

(a ™ 1 c\ ) "i = (i c® ) n. 



Since average kinetic r cnergy of translation per molecule J ,- me 2 is 
proportional to temperature T and temperature of both the gases are same 
so 

1 '«i c\ --= l m 2 c® ..(30) 

Substituting Eq. (30) in Eq. (29), we get 

;i] =« a 

which is Avogadro’s hypothesis. 

3,2 Graham's law of diffusion 

The Jaw states that relative velocity of diffusion of gases are inversely 
proportional to the square root of their relative densities. 

Suppose the gas 1 is diffusing into the gas 2. When they get thorou¬ 
ghly intermingled, the pressure exerted by gas 1 will be equal to that 
exerted by gas 2 , let the pressure now be P. Using pressure equation 
one finds 

^ = Hi c; „.(3i) 

and P = \ Zi c\ ...(32) 

where Si, 6 a =* Densities of the gases 1 and 2 respectively, 

c\ , c a " = Mean square velocities of gases 1 and 2 respectively 
Thus, 



or 

yf ^ Q * ldl ( 34 ) 
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Let v u u 2 — Rate of diffusion for gas 1 and gas 2. Tt is known that 



which is Graham’s law of diffusion, 

Important constants 

We should like to jot down the values of important constants which we 
have referred to (in the present unit) and will be refeiring to (in the 
next unit) 

1 Universal gas constant R =83 J/niole K 

2. 1 atomic mass unit (a m.u.) = 1.66x 10 -27 kg 

3. Avogadro’s number N = 6.02X 10 -23 molecules/mole 

4. Boltzmann constant k = 1.38 xlO- 23 J/molecule K 

5. 1 standard atmosphere = 0.76 m of Ilg 

= 1.01 x 10° dynes/cm 2 

= 1.01 x 10 6 N/m a 

6. 1 N/m 2 =10 dynes/cm 2 . 

APPENDIX A 

We will show how the square of the velocity of a molecule is equal to 
the sum of the squares of its components, i.e. 

c 2 = u 2 +v 2 +vv 2 . 

We know from our concept of vectors in two dimensions that any 
vector, e.g. the velocity vector c, can be resolved into components along 
the two axes in such a way that 

c 2 — »r-|-v 2 . 

This is easily understood from Fig. 2 a where Pythagoras theorem is 
applied after completing the parallelogram of velocity components. 
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Let us see what happens to the same vector in three-dimensions whete 
have thiee axes Let the axes be so chosen as shown in Fig. 2b. 

iY 

i 



ti 

Fig 2u 


From the tip A of the vector c a perpendicular AB is dropped on to 
the XY plahe OB is joined This line OB in the XY plane must be 
perpendicular to AB forming the right angled triangle OBA AB along Z 
axis 



Fig. 2b 

represents the component w of c along Z axis. From the A OBA using 
Pythagors theorem we have, 

c'- : ~ {OBf-Vw' ..(A.l) 

Again if perpendiculars are dropped from B to X and Y axes then we 
see from the Fig, 2b that 

(OB) 2 = ...(A.2) 
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combining (A.l) & (A.2), we get 


C- = K a -f V 3 -f-11'“ 

APPENDIX B 


■•(A.3) 


We must be able to distinguish between the different terms such as 
mean, mean square and root mean square (/mv) speeds. For an 
assembly of n gas molecules with individual molecular velocities c u c a , c 3 , 
* * • i 


the mean speed c will be simply 


c 


+ “b l'n 

n 


it 

= ( Z ct/n ) 
i = l 


(B.l) 


Mean square speed of gas molecules is the mean of the squares of speeds 
of individual molecules and is denoted by c a . Thus 


c * ~~ C r + + C , ■ C „ 

n 

= (2 c* In) •• (B.2) 

i=l ' 

Root means square speed c r mi will then be given by 

Cm, = y/ c 2 , (B,3) 

It should be noted that rms speed and mean speed are different. 
Perhaps, an example will clarify it. 

Consider three molecules with speeds 0 5 krn/s, 1 km/s and 2 km/s 
respectively. 


Mean speed c = — - ^ — = 1.2 km/s. 

Mean square speed c 2 = _ 175 

RMS speed (y/ - a j = y/J~j~ 5 km / s = 132 km/s. 
Hence c . \/ ^ : : 10 . 11 
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ASSIGNMENT 


j The density of helium at 1 atmosphenc pressure and 0 n C is 
1.78 X 1CH g/cm 3 . What is the rms speed of the He molecules ? 

Ans>. 1.3 x 10 s cm/s 

2 . (a) How is pressure related to density and kinetic energy of 

molecules 7 

(b ) Six molecules of a gas have velocities 1 km/s, 2 km/s, 3 km/s, 
4 km/s, 5 km/s and 6 km/s respectively. Compute the average 
speed and rms speed of the molecules. Compare the two 
values. 

Ans 2.5 km/s, 3.9 km/s 

3. The mass of an oxygen molecule is 5.31 X 10 - 23 g and at CPC it has 
an ms speed of 4.16 X 10 1 cm/s. How many molecules of the gas 
are there m 1 cm 3 at CPC and at 1 atmosphenc pressure 7 

2.7 Xl0 10 

4. At 273°F and 1.00 X I0 ~ 2 atmospheric pressure the density of a gas 
is 1.24x I 0 - c g/cm*. 

(a) Find Cw».v of the gas molecules 

(if) Find the moleculat mass of the gas and identify it 

Given Bolt/mann constant k — 1.38x 10 ~ 23 J/molecules K 

Ans. 4.9 X 10 1 cm/s, 7 X 10 -2 ' 1 g, chlorine 

5. The mass of the H a molecule is 3.32 X 10 ~ 21 gm. If 10 23 hydrogen 
molecules per second strike 2 0 cm 2 of the wall at an angle 45° 
with the normal when moving with a speed oT 10 r ' cm/s, what pres¬ 
sure do they exert on the wall ? 

Ans. 2,35 X 10 3 ~ 
nr 

6 . ( a ) What effect does the assumption of extremely small collision 

tunc compared to time spent by a molecule between collisions 
have on the derivation of gas taws 7 

( b ) What is the consequence of the fact that no appreciable forces 
act on the molecules except during a collision 7 

SELF-ASSESSMENT 

1. State the basic assumptions required for the development of the 
kinetic theory of gases. 

2. Derive the expression 

mN c 2 
V 


* 
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ozi the basis of kinetic theory of gases where P is the pressure exer¬ 
ted by N number of molecules each having mass m contained m a 
vessel of volume V, c 1 in the mean equare velocity of the mole¬ 
cules. 

3. ( a ) What effect do elastic collisions have on the derivation of gas 

laws. 

(A) Why is the assumption “total number of molecules being very 
large” so important ? 

4. (n) If the rms speed of the molecules of a gas is 400 m/s when the 

pressure is 700 mm of Hg, what is the density of the gas? 

( b ) Five molecules of a gas have velocities 1.5 km/s. 1.2 km/s, 1.3 
km/s, 1.6 km/s and 1.4 km/s respectively. Compute the 
average speed, mean square speed and rms speed for them. 

5. Derive the following gas laws for an ideal gas on the basis of 
kinetic theory of gases (a) Boyle’s law (h) Charle’s law (c) 
Avogadro’s law (d) Graham’s law of diffusion and (e) Law of 
pressures. 

6. (a) If the rms speed of hydrogen molecules at O^C is 1840 m/s, 
what is the rms speed at 100°C ? 

(b) Using the ideal gas equation, determine the value of universal 
gas constant if. (Given one gram molecule of a gas at S.T.P. 
occupies 22.4 litres). 

7. Oxygen gas at 273 K and 1.00 atmospheric pleasure is confined to 
a cubical container of 10 cm side, (a) How long does it take a 
typical molecule to cross the container ? (£>) Compare the change 
in gravitational potential energy of an oxygen molecule falling 
through the height of the box with its mean kinetic energy. 
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INTRODUCTION 


In the previous unit we have discussed the derivation of an expression 
for pressure (a macroscopic variable) exerted by an ideal gas from micro¬ 
scopic considerations. In the present unit we will determine the relation 
between temperature (yet another macroscopic variable) and the mean 
kinetic energy of gas molecules. Apart from that we will also discuss about 
equipartition theorem of kinetic energy, two different specific heats of gases 
and their lelationship The concepts introduced in these two units on 
kinetic theory of gases will be extremely useful for the subsequent units. 

OBJECTIVES 


To be able to 

1. Set up a relation between temperature and mean kinetic energy of 
an ideal gas. 

2. Find the number of degrees of freedom of different molecules. 

3. State and derive the law of equipartition of energy and know its 
consequences, 

4. Derive the relationship between the two specific heats of a gas on 
the basis of kinetic theory. 

5. Solve problems based on objectives 1 and 4. 


SUGGESTED READING MATERIAL 

1, Relation between temperature and mean kinetic energy of an ideal gas 

In the preceding unit we have deduced the expression (for monoatomic 
gas) 


PV = i mn c 2 



where 


P Pressure exerted by an ideal gas 
V = Volume of the gas 
in Mass of each molecule 
n Number of molecules 
c~ ~ Mean squaie velocity of molecules 
Let us consider one mole of an ideal gas, then 
n — N (Avogadro’s number) 

Hence equation (1) becomes 

PV = i wM* .. (2) 

For 1 mole of an ideal gas, from equation of state, we know that 

PV =--- RT ..,(3) 

Equations (2) and (3) give 

RT $ »,N? 

RT = (2/3) Q niW) ..,(4) 

In the previous unit while discussing deduction of gas laws, we have 
stated that 


^ me- = Average kinetic end gy of translation per mole¬ 
cule 

Hence \ mNc 2 = E = Average kinetic energy of 1 mole 

Thus from Eq. (4) 

RT = (2/3) E\ or, E = (3/2) RT ■ .(5) 

Naturally average kinetic energy of translation per molecule 



We know 


R_ 

N 


= k = Boltzmann constant 
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Hence 



Equations (5) and (7) clearly show that the temperature is intimately 
related to the kinetic energy of a molecule. Whenever a gas gains energy, 
its temperature rises 

Questions 

1. The gas kinetic temperature in the upper atmosphere (see Eq. (5)) 
is of the order of 1000 K. It is quite cold up there. Explain this 
paradox. 

2. Interpret absolute zero in terms of kinetic energy of gas molecules. 
Example 1 

What is average kinetic energy of a molecule of monoatomic gas at a 
temperature of 27°C ? 


Solution 

We know average kinetic energy of a molecule 



where k = 1.38 X I0~ as joule/molecule K 
T = (27 + 273) K = 300 K 

HencejK.E. of a molecule = ^~ kT 

= I X 1.38 X 10- M X 300 joule 
— 6.2 X 10- 21 joule 


Problem 

Calculate the total translational kinetic energy of 3 moles of an ideal 
monoatomic gas at 217°C. 
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2.1 Degrees of freedom 

Suppose an independent particle is in space. Its exact position can be 
specified by three numbers. In the cartesian co-ordinate system, these three 
numbers arc the familiar X, Y and Z coordinates There is no way in 
which the position of an independent particle in space can be described by 
less than three numbers (x, y, 2 ) as shown in Fig. I. 


•L 



If this particle happens to be moving then at any time its velocity 
can be described by three components. These three components are usual¬ 
ly denoted by u, v and tv (Fig. 2) along the X, Y and Z directions respecti¬ 
vely. Once again it is impossible to specify the state of motion (i.e. velocity) 
of an independent particle in free space without these three numbers (the 
velocity components). Notice that, if we know the velocity we can always 
find the position of the point at any instant by the relations. 

x ~ u t, y = v t and z — iv t 

Therefore for an independent particle whether at rest or in motion, we 
need only three numbers to describe its position at any time. 

In order to express these ideas concisely we consider that an indepen¬ 
dent particle has three degrees of freedom 
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Now considei Lsvo independent pai tides in space Obviously consi¬ 
dered together they will have six degrees of freedom (a,, y lt z { ) for the first 
and (x r y t , for the second. 
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Suppose the two pm I ides arc not independent and one is connected to 
the othei by a ugid lod. If the length of this rod is /, then a ldationship 
exists between the three eo-oidinatcs of one particle and the llnec co-ordi¬ 
nates of the other. This relationship is 

l 2 -- {Xi—x.f ' ! Oh -c,)- 

or 

I -= 4 (Xl—x.,)- -|- Oh- y.,)- T Oh— z.,)- 

In older to describe this system of two particles connected by a rigid 
lod, we require only live numbeis. For instance, suppose we know the 
values of x u y lt z u x a and y., (z a is not known). We can always find out 
z a using the relation 

-2 -i -4 l* — Uh — -v a ) a —O’l -d’a)" 

So if we know any live of the six eo-oidinates (xq, jq, x 2 , y 3 , z a ), we 
can always find the sixth. Wc say, theieforc that this system of two 
pai tides connected by a rigid rod has five degrees of fieedom 
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la general, we define the number of dcgiees of freedom of a dynamical 
system as the minimum number of co-ordinates required to completely 
specify the position and configuration of that dynamical system 

2,2. Rule for finding the number of degrees of freedom 

Our example for a two paitide system has cleaily illustrated that the 
number of degrees of freedom of a system is actually equal to the total 
number of co-ordinates required to define the positions of the elements of 
the system minus the number of independent relations existing between the 
elements. 

Let us see how we can use this lulc to find the numbei of degrees of 
fieedom for a system of two pai tides and three particles 

Two particle system (Fig 3) 

Numbei of pai tides = 2 

Total number of co-ordinates for l pailicle = 3 
Total numbei of co-ordinates for 2 particles = 6 
1 2 


Fig 3 

Number of bonds between 2 particles — Numbei- of independent 
lelations -- 1 

Hence degtees of freedom = 6— 1 =5 
Three particle system {Fig. 4) 



Total numbei of co-ordinates for 3 particles — 3 x 3 = 9 
Total numbei of bonds =-= Number of independent relations — 3 
Hence degrees of freedom — 9 — 3=6 

3. The law of equipartition of energy 

In the preceding unit, the ideal gas model was considcied m three 
dimensions Theie aie 3 diicetions of motion (X, Y and Z axes), which 
are equally piobablc foi the gas molecules. This implies that average value 
of the components of velocity c (i.c. u, v and w) along the three directions 
should be equal or for a molecule all the three directions are equivalent. 

u = v - 11 ’ 


or, 

u- --- v* --tv* = i 

Since 

c- - ir ' v 2 ' h> 2 
c 2 u~ I v 2 \ IV s 

Multiplying thioughout by \ in, where m is the mass of a molecule wc 
have 

i/n il 2 -= A in v 2 ■- 1 in iv 2 

But ,1 m ii 2 — Ex — Total mean kinetic cneigy of a molecule along 
X axis 

Therefore Ex ~ --- E . 

But the total mean kinetic energy of a molecule is 

e- |kT 

where 

k — Boltzmann constant 
7’-- Absolute temperature 

and since 

G = Ex + Ey + 

1 kF 
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Since thice velocity components h, v and lr correspond to the three 
degrees of fieedom of the molecule, we can conclude that 

Tola! kinetic energy of a dynamical system is equally divided among all 
its degrees oj freedom and it is equal to 1 kT pei degree of freedom. 

This is the law of equipaitition of encigy and was deduced by James 
Claik Maxwell. 

So far we have been considering only translational motion Let us now 
consider i otation too, of comsc, foi a monoatomic molecule, we have 
only translational motion because they are not capable of rotation 
(although they can spin about any one of the thice mutually peipendicular 
axes if it is like a finite sphere) Hence for one molecule of a gas total 

encigy € = \-kT. 

Foi a diatomic molecule vve can suppose it to be two spheres joined by 

a rigid lod Such a molecule can rotate about any one of three mutually 

pei pend iculai axes Hovvcvci, the rotational incilia about an axis along 

the rigid rod is negligible computed to that about an axis perpendicular to 

the lod, so that rotational encigv consists of two teims such a 

2 2 

i and 1 / w 

y : 

Now the spatial description of the oeiuic of mass of a diatomic gas 
molecule will require thice coordinates. Thus foi a diatomic gas molecule 
having both rotational and translational motion. 

<= 3 (i kT) + 2 (.V kT) 



For diatomic gases, each molecule contains thiee spheies joined to¬ 
gether by tods (we can suppose so), that the molecule is capable of rotating 
energetically about each of thiee mutually peipendicular axes. Hence foi 
a diatomic gas molecule having both translational and lotational motion, 
energy £ will be 


€ - 3 (i kT) I- 3 (i kT) 

■= 3 kT 

(Hete three degiees of fieedom for the translation of the centre of mass 
of the molecule and three for rotation along three mutually perpendicular 
axes). 
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Example 2 

Find the number of degrees of freedom and associated energy of a 
polyatomic molecule as shown m Fig. 5 (Hypothetical). 

Solution 

Total number of coordinates required to define the positions of atoms 
1,2,3 and 4= 3 X 4 = 12 


2 

A 



Fig. 5 

Number of independent relations—3. 

Number of degrees of freedom = 12—3 — 9. 

(Note that for any number of atoms interconnected by rods, there 
will always be three translational degrees of freedom because any atom 
moving in a particular direction (with three degrees of freedom) will he 
responsible for the motion of the other atoms connected with it, in the same 
direction. The remaining degrees of freedom, therefore, have to be rotatio¬ 
nal degrees). 

Number of translational degrees of freedom = 3 

Number of rotational degrees of freedom = 9 — 3 — 6 
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The energy (€) associated with this polyatomic molecule 
= 3 (J kT)+6 (i kT) 



4. Specific heat of gases ( C P and Cv) 

Let us set up a 1 elation between C P and Cv, where 

C P = Molai specific heat of a gas at constant pressure 

Cv = Molar specific heat of a gas at constant volume 

Cv is defined as the quantity of heat required to raise the temperature 
of one mole of a gas at constant volume by one degree, i.e. 

If Et = Total energy of gas at TK 

Et-h = Total energy of gas at (T+l) K 

Then Cv = Iiy+ V —LV (At constant volume) 

For monoatomic gas, thus 

C, =~R (TA 1 )- ^RT = R 

For diatomic gas 

Cr F (r+1 ) - 4 RT “ T R 
For triatomic gas 

Cv - 3 R (T+l) - 3 RT = 31? 

Let us consider a cylinder fitted with a smooth movable piston and 
containing some gas as shown in Fig. 6. Let the volume of the gas be V 
initially. 


v 

1 



1 


1 


Vc 

1 


Fig 6 Fig. 7 
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Now if the piston is moved to a new position as shown in Fig, 7, then 
the volume of the gas changes to l\. 

Change in volume -- K,— V 

If the process of changing the volume of the gas is cairied out in such 
a way that the pressure P temains constant, the work done at constant 
pressure is given by 

Work done = Force 'Distance 
W =/• - d 


—PxAyd 


Since Pressure (P) 


Force (F) 
Area (A) 


But Area X Distance = Change in volume 
Therefore W — P (Vy—V). 

When volume icmains constant in a process, W = 0) 

Going back to specific heats, we find that the heat required to laise 
the temperatuie of 1 mole of a gas through one degree at constant pressure 
is made up of two parts . 

(n) Pleat required to do an external work to produce a change in 
volume of the gas 

(b) Pleat icqutred to raise the temperature of the gas through one 
degree, (Gq 


This means 


C P = W-\- C, 

where W = P(V X — V) 

Accoiding to the gas law 

PV — RT before heating 
PVi — R (T+l) after heating 
P (Vi—V) = R (T+l) — RT — R 


Hence—-— -Gy — Gv- 



Converting joules into calories 


Cp — 1 Cv —' 


R 

J 


where J - 4.18 joules/caloi ie 

Hence for monoatomic gas 

C P = C,+R =-|- R+R = R 


For diatomic gas 


C P =-~R+R = ~- R 


For tnatomic gas 


C p = 3R+R = 4R 


Example 3 

If one mole of helium at 300 K is mixed with 3 moles of oxygen at 
400 K and if the mixing takes place at constant pressure, calculate the final 
temperature. 

Solution 

C P of helium (monoatomic) = -j j R 

7 

Cp of oxygen (diatomic) = -y R 

Heat gained (lost) = Mass x Specific heat x Rise (fall) in temperature 
Let T be the final temperature. Then heat lost by oxygen 

= 3x £x(400A:— T) 

Heat gained by heliume = lx — Rx(T —300 K) 

Heat lost — Heat gained 

IX-y RX(T~ 300 K) = 3X -y R X(400 K— T) 
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or 5 T- 1500 K = 8400 K — 21 T 
or 26 T — 9900 K 

or T = 381 K 

Problem 

Calculate C P and C v for argon, given 
R =• 8,3 J/raole K 

ASSIGNMENTS 

1. What is the average kinetic energy of a diatomic molecule at 

lira 

2. The average translational kinetic eneigy of a hydrogen molecule at 
27°C is 6.2 >. 10—- x joule. What is the average translational kinetic 
energy at 127°C? If the mass of the hydrogen molecule is 3.1 X 10 - 27 
kg, determine the ims velocity of hydrogen molecule at 127"C. 

3. A thin rubber ball (with no leak) has air inside, It is thrown fast 
against a massive vertical wall, and it bounces back. Using your 
knowledge of kinetic theory, describe the changes in the air in the 
ball during the process of hitting the wall and rebounding. 

4. You are given a certain mass of a gas in a cylinder fitted with a 
piston. How will you find whether the gas is monoatomic or 
diatomic or tnatomic or polyatomic ? 

5. One mole of oxygen is heated at a constant pressure starting at 
0°C. How much heat energy must be added to the gas to double 
the volume? 

6 . Take the mass of a helium atom to be 6.66 X 10 ~ 27 kg. Compute the 
specific heat at constant volume for it. 

7. (a) Why for all types of molecules translational degrees of freedom 

is always three f 

(b) Explain how do you calculate the total number of degrees of 
freedom of a polyatomic molecule. 

SELF-ASSESSMENT 

1. (a) Define the degrees of freedom of a molecule 

( 6 ) On what factors does the number of degrees of freedom of a 
molecule depend? 

2 . Considering a diatomic molecule find out the number of degrees 
of freedom. 
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3. (a) State and derive the law of equipartition of energy. 

(/>) Why is kinetic energy equally divided per degree of freedom 
on a molecule. 


4. Define specific heat at constant volume (CO for a gas. Prove that 
for a diatomic gas C v => (5/2) R. 

5. Establish the relationship between C p , CV, R and J for a monoato- 
nuc gas. 

6. Calculate the values of C P and Cv for oxygen given R ~ 8,3 
joules/mole K. 

7. Two moles of a monoatomic gas at 573 K are mixed with 1 mole 
of a diatomic gas at 373 K. Calculate the final temperature of the 
mixtuic, assuming that the mixing takes place at constant volume 
and that there is no exchange of heat with the environment. 


8. Ten grams of oxygen are heated at constant atmospheric pressure 
from 27.0°C to 127.0°C, How much heat is transferred to the 
oxygen? What fraction of the heat is used to raise the internal 
energy of the oxygen ? 

9 Take Cv ~ 0.75 keal/kg K for argon and calculate (n) the mass of 
an argon atom and (i b ) the atomic mass of argon. 



\ 


s.a.u?£'.l5l&?CW- 


Re 
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3. (a) State and derive the law of equipartition c 

( b ) Why is kinetic energy equally divided per 
on a molecule. 

4. Define specific heat at constant volume (CV) fo 
for a diatomic gas Cv = (5/2) R. 

5. Establish the relationship between C p , Cv, R ai 
mic gas, 

6. Calculate the values of C P and CV for on 
joules/mole K. 

7. Two moles of a monoatomic gas at 573 K are n 
of a diatomic gas at 373 K. Calculate the final 
mixture, assuming that the mixing takes place at 
and that there is no exchange of heat with the ei 

8. Ten grams of oxygen are heated at constant atn 
from 27.0°C to 127.0 a C. How much heat is 
oxygen? What fraction of the heat is used ti 
energy of the oxygen 7 

9 Take Cv — 0.75 kcal/kg K for argon and calculat 
an argon atom and (h) the atomic mass of argon. 
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INTRODUCTION 


In this unit you will learn about a new blanch of physics, called 
thermodynamics which deals with convetsion of heat into mechanical 
work and vice-versa. The relation of heat to other forms of energy such 
as magnetic, electiical, etc. also come under the scope of theimodynamics. 
You have already studied the interpretation of macioscopic variables such 
as pressure and temperature in terms of microscopic entity like mean 
square velocity of gas molecules on the basis of assumption of random 
motion and the whole discussion was theoretical, although consistent 
with experimental observations In contrast, thermodynamics to be 
studied here and in the subsequent unit, is an intensely practical subject. 
It concerns itself with a clearly defined system, e.g. a gas contained in a 
cylinder, a given mass of solid undergoing fusion, etc. Hence the system 
interacts with surroundings (usually atmosphere) and, by such interaction, 
useful functions are performed. The branch of thermodynamics is tre¬ 
mendously impoi taut from piactical point of view. The various princi¬ 
ples of thermodynamics find extensive applications in heat engines, 
refrigerators, thermal radiation, electrochemistry and critical phenomena. 


OBJECTIVES 


To be able to 

1. Distinguish between heat, temperature (given by zeroth law of 
thermodynamics), work, and internal energy. 

2. Compute graphically the work done in P-V diagram. 

3. Describe Joule’s experiment and solve problems relating work 
and energy, 

4. State first law of thermodynamics, discuss its various appli¬ 
cations and solve related problems. 
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5. 


Compute change in internal energy and work done during 
isothermal and adiabatic processes, 

6 . Distinguish between reversible and iircveisible processes, 


SUGGESTED READING MATERIAL 

1, Some important definitions 


You know that solids and liquids expand, resistance of a wire incre¬ 
ases and so on, when tenipcratuie of a body is inised. In such piocesses 
flow of heat occurs accompanied by the performance of woik. 'ihe study 
of these phenomena and energy conversions involved in the flow of heat 
and performance of mechanical, elcctiical or magnetic woik come under 
the domain of theimodynanucs. Let us now introduce few important 
definitions which will be immensely useful in understanding the content 
of the present unit. 

First of all let us define what do we mean by thermodynamic system 
and surroundings. The temperature, pressure, etc. arc regarded as the 
thermodynamic coordinates ar.il a system which may be a limited region of 
space of definite portion of matter, described in terrm of these coordinates 
is called a thermodynamic system, e g, gas, vapour, surface films, electric 
cells, sti etched wires, thermocouples, etc. And everything outside the 
system which has a diiect bearing on the behaviour of the system is 
called its surroundings. As aheady mentioned temperature, piessuie, etc, 
are macroscopic variables called thermodynamic coordinates which are 
not totally independent, but connected together by a relation known as 
equation of state of the system. Since in order to define a thermody¬ 
namic system tempeiature invariably conies in, let us now define it. Let 
there be a thermodynamic system consisting of many participants. And 
if there exists a certain single valued function (it will be cleai shortly)/ 
of the state variables P and V, which has the same numerical value T for 
all the participants, i.e. 


f(Pu Vs) =/(P 2 , V,) -/(P„ F 3 ) - ... = T .. (1) 

(where the subscripts 1, 2, ... refer to the different participants). 
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Then this identical numci tail value T u known ns the temperature 
and the system m such a situation is sew! to be in tliemial equiJibiiutn. 
This is called zeroth law < f the, modynanucs The Eq (I) defines an empi¬ 
rical temperature T whose SL Unit is K (degiee Kelvin) and shows that it 
is such a thermodynamic cooidinate by which the state of the system can 
be expressed in a more general foim as 

f(P> V, T) = 0 ... (2 ) 

which is the equation of state for any substance. Now that we have intro¬ 
duced the concept of temperature, we aie in a posiLion to define hear. 
The flow of heat is a non-mechanical energy tiansfer, brought about by a 
temperature difference between two bodies. Heat can be used only when 
there is a tiansfer of encigy bclwecn two or more systems. Hence heat 
can be defined as energy in transit. The performance of work (to be 
discussed shoitly) and the flow of heat are methods of supplying energy 
to a body or extracting cneigy from a body. Conventionally, the quan¬ 
tity of heat eneigy 0 trunxferied to a body is said to be positive and that 
transferred from a body is said to be negative. The SI Unit of heat is 
1 joule, although till iccently it was I calorie (where I caloric = 4,18 
joule), 

Let us define now the internal energy of a body. Eveiy piece of 
matter chaiactei izcd by piessuic, temperature, volume, etc. possesses 
some energy, which depends upon its nature and also on the particular 
state of the internal condition of the body. This is known as internal 
energy and is repicsenled by symbol U. Internal energy of a system has 
two components, viz. 

(a) Kinetic energy due to translational, vibratioi al and rotational 
motion of the molecules (and al! these depend upon tempe¬ 
rature) which can be changed by heat transfer. 

(b) Potential encigy due to inter-molccular forces which depends 
on the inteimolecular distance and it can be changed by the 
pcifoimance of work. Tins internal eneigy U is also a single 
valued function of states ,i.e. if a body is subjected to a cycle o f 
operations and finally restored to the original slate, then change 
in the internal eneigy dU is zero. 
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2 , Work in thermodynamic processes 

If a thermodynamical system as a whole exerts force on its surround¬ 
ings w'th a consequent displacement, then we say external work has been 
performed, either by or on the system, eg when a gas in a container is 
compressed, work is done by the force exerted on it by the moving 
piston. Now since in thermodynamics wc are always concerned with the 
interaction between a system and its surroundings and hence, the teim 
work will always mean external woik. Of couise> force acting between 
parts of the same system are internal forces, the work of these forces is 
called internal work, which is not being considered in thermodynamics. 
We calculate now an expression for the woik. 

Consider a cylindei having a movable piston (Fig. 1) and contai¬ 
ning some gas. If the pressure exterted by the gas be P and the area of 
cross section of the cylinder be A , then the force excited by the gas on 




d\ 


Fig, 1 

the piston will be PA. If due to this force piston moves through an 
infinitesimal distance dx, then the corresponding work done will be 

dW = PA dx 

dW = PdV ...(3) 

where dV is the infinitesimal volume change Adx. If the piston steadily 
moves through a finite distance and volume of the gas increases from 
Vj to Vf and if the process is carried out infinitely slowly so that at every 
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s(a u system is in thermal equilibrium with the surrounding, total work 
done W will be given by 

V f 

W~r-^PdV 

V. 

I 


Conventionally work done by a system is taken to be positive and work 
done upon the system is taken to be negative- 


The work done by or upon a system can be computed conveniently 
from what is known as the ind.cator diagram-//* diagram which repre- 
'“I ,a,lc, lm of.'<a,c of a ,byname the ° • 

system may be defined in terms of any two tbeimodynamic coordinates. 
PVT and U (internal energy). Let us consider a P~V diagram shown 
inFi’g.2. Consider the preceding system of cylinder containing some 
gas in which gas exerts some pressure on the piston of the cylinder resu - 
ting into change in volume V and pressure P. In order to represent the 



v V 

- r*' 

Fig. 2 

process graphically let the volume V be plotted along abscissa and pres¬ 
sure P along the ordinate. By plotting the values of P and V for succe¬ 
ssive positions of the piston, the process can be repiesented by a curve as 
shown in Fig. 2. Then the shaded area shown in Fig. 2, gives the work 
done in the process. 

Now let us discuss a little about what is known as a cyclic^ pi ocess. 
A process which brings a thermodynamic system to the same tinned state 
after a cycle of operations (expansions and compressions ) is scud to be a 
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CVCI'C process. In P-V diagram given in Fig. 3, we have shown a cyclic 
process. Here the work done by the system is represented by the area 

ABCDA 



Fig. 3 


Example 1 

Compute the work done in a process where the pressure and 
volume at initial state (i) are 4 N> 8 and 0.1m 3 respectively and those at 
the final state (f) are 2 N/m 8 and 0.5m 5 respectively as shown in the indi¬ 
cator diagram (Fig. 4). 



V (nr 1 ) 

Fig. 4 
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Solution 


Work done 


W = PdV = Shaded area ifgh 

y — Area / kf 4- Area Ichgf 
i 

Area ikf — ^ X (4—2) X (0.5—0.1) joule 
= j X 2 X 0.4 joule = 0.4 joule 
Area khgf = side gf X side gh 


= (2—0) X (0,5—0.1) joule 
= 0.8 joule 

Hence total work done — (0.4 + 0 8) joules 
= 1.2 joules 


Problem 1 


Compute the work done from the P-V (Indicator) diagram shown in 
Fig. 5, where i denotes the initial state and/ denotes the final state, 



Fig. 5 


Problem 2 

Calculate the work done during isobaric (constant pressure) case 
when volume of the given system changes from \\ to V 3 , 
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Questions 

1 . Can heat he considered a form of stored (or potential) energy? 
Would such an interpretation contradict the concept of heat 
as energy in process of transfer because of a temperature 
difference? 

2 . Give examples to distinguish clearly between temperature and 
heat. 

3. Can heat be added to a substance without causing the tempera- 
ture of the substance to lise? If so, does this contradict the 
concept of heat as energy in piocess of tiansfcr because of a 
temperature difference ? 

3. Relation between work and heat—Joule’s experiment 

We have already mentioned that in SI Unit heat and woik both are 
measured in joules. The question arises what is the relation between two 
quantities It was Joule who showed by his cxpciimcnt (known ns Joule’s 
experiment) that, when a given quantity of mechanical enetgy ts converted 
to heat, the same quantity of heat is always developed. Thus the equivalence 
of heat and mechanical work as two forms of energy was definitely estab¬ 
lished, Let us now discuss how Joule arrived at this conclusion. 

A rod to which some paddles ate attached is mounted in a cylinder 
containing water. The rod could be revolved by a thread and pulley 
arrangement as shown in Fig. 6. Two identical weights {mg) are allowed 



to fall through a height h, n number of times. Natuially the rod as well 
as the paddles will start revolving. The water in tmn will beset into 
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motion and it gets slig'Uly heated. The rise in temperature AO of the 
water can be measured by a sensitive thei mometei 

The amount of work done in revolving the rod is of course the 
change in gravitational potential energy of the weights Since weights 
are allowed to fall, n times, change in gravitational P.E, is 2nmgh, 

Thus work done in revolving the rod W — 2 nmgli. ...( 5 ) 

If the mass of watei and cylinder aic m y and m, and their specific 
heat capacities aie and .f 3 respectively, then heat absorbed by watei and 
cylindei is 

[ (»hSi J >- "hs *) A 0 ] ...(6) 

Of course, specific heat capacity of water Sj = 1 cal.g -1 

Thus total heat absorbed 

II —- [ (/Hi.Vi + nus 2 ) AM- G ] ...(7) 

where 0 is the necessary corrections for the heat energy lost by radia¬ 
tion, fnctional losses, etc. 

Now Joule, performing this experiment, concluded that a definite 
relation exists between the woik done and the heat gained. Mathemati¬ 
cally, he expicsscd this relation as 

W = JII ..,( 8 ) 


where W is measuied in joules and II u measured in calories and / is a 
constant, called mechanical equivalent of heat. Fiom his experiment 
equating From Eq. (5) and Eq. (7), i.e. 


(2 nmgh) = / [ (w^ -|- mjf 2 ) A 0 + G J 


{ ("Vi 


2 n mgh 

ni»s«) AO G 



-caloric 1 


Joule determined its value as 4.18 joules per calorie. It is clear from 
Eq. ( 8 ) that if work and heat both are expressed in joules (as in SI Units) 
then 

W—H ...(10 


9 



Eq, (8) or Eq. (9) clearly demonstrate the complete equivalence of heat 
and mechanical work. Later of course, Helmholtz expressed the idea that 
not only heat and mechanical cneigy but all forms of eneigy are equi¬ 
valent, and that a given amount of one form cannot disappear without an 
equal amount appearing in sonic of the other forms. 

Question 

Is the mechanical equivalent of heat J, a physical quantity or 
merely a conversion factor for converting energy from heat units (e.g. 
calories) to mechanical units (e.g joule) and vice-versa ? 

Example 2 

In a Joule experiment, a mass of 6.00kg falls through a height of 
50.0 metres and rotates a paddle wheel which stiis 0 600 kg of water. The 
water is initially at 15°C. By how much does its temperature rise ? 

(Take g = 10 m/s 8 ) 

Solution 


Work done in rotating paddles W-tngh 

— 6 X 10 x 50 joules 
= 3000 joules 

Heat absorbed by water H = ms &0 

= (0.6 X 1000 calorics °C -1 ) A# 

= (600 calorres 8 C -1 ) A 6 
(where specific heat capacrty of water = 1000/kg °C 
We know W = JH where J = 4.18 joules calorie -1 
3000 joules = (4,18 X 600 joules °C -1 ) A 0 

A0= ( 3000 VC 

\ 4 18 X 600 ) 

A0= l.irc 
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Example 3 

A 50g lead bullet of specific heal capacity 0,03 lccal kg" 1 °C _1 is at 
20°C. If it is fii ed vertically upwards with a speed of 420 ms' 1 to strike 
a block of ice at 0°C on its ictuin. Calculate the amount oficcmelted. 
Assume that the mechanical energy ts completely converted into heat and 
temperature of the bi llet is not changed during its journey before striking 
the ice block. Latent heat of fusion of ice L — 80,000 cal kg -1 . 


Solution 

Kinetic energy of the bullet 


= £ff!P 2 

— * X(50 X I0~3j x ( 420)2 joules 
Equivalent heaL H - (Imv'/J.) 


i X (50 X 10~ 3 J X (420) 


4.18 


~ calories 


= 1050 caloiics 


Heat liberated in cooling = m s A 0 

= (50 X 10 -») X (0.03 X 10 3 ) X 20 calories 
= 30 calories 

H'=Total heat Iiberated = l0c0 calorics-I 30 calorics = 1080 calories 
Mass of icc mel<ed=H7L 

“spsr “ °- ms 


Problem 

Compute the approximate increase in temperature of water going 
over Niagara falls approximately 52m high. 

4. First law of thermodynamics 

This law states that for a system duri ng c yc lic, pr ocess, the sum of the 
work transferred.is equal-, to the punt ■of heat ?- tf qmtferred {heat and work 

being measurer] in units, e.g. joules) and vice-versa, i 

i ■ • 1 - 1 9 



Therefore, this Jaw gives an equilibrium between heat and mechani- 
cal energy, i e. whenever work is clone, an equivalent amount of heat is 
produced and whenever certain amount of heat disappears it appears in 
the form of work. 

Now let there be a substance which takes some heat Q (in work 
units), performs W units of external work, whereby it passes from state l 
characterized by internal energy U i to state 2 characterized by internal 
energy £/<>, so from conservation of energy wc have 

Vt-Vi - Q-W ...( 10 ) 

This is the mathematical representation of fiist law. Thus, the first law is 
simply a statement of conservation of energy. Energy can neither be 
created not destroyed but it can be transformed from one. form to another. If 
now clU be the small increase in internal energy and dW be the amount 
of work done, due to absorption of a small quantity of heat dQ; we have 

dU=dQ—d\V 

or dQ—dUf-dW ...(11) 

This is applicable to all stales of matter 

If work done dW is due to compression or expansion, then 

dW = P dV ...(12) 

( which implies dQ — dU -fi P dV ) ...(13) 

The first law applies to any process whether it is it reversible of 
reversible (to be discussed shortly). 

Question 

An equivalent statement of first law is that the energy of a system, 
including its surroundings, remains constant Elaborate on this statement. 

Let us now discuss some of the applications of first law. 
h Cyclic process and isothermal process 

In a cyclic process, indicator diagram is a closed curve (Ref: 
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pig, 3 ). Since internal energy is a single valued function of state, here 
change in internal energy dU must be zero. 

Thus from first law dO — dU-\-PclV 

Since dU = 0 


dQ = PdV 


(14) 


which shows that heat given to the system is equal to the external woilc 
done by it during a cyclic process. 

An isothermal piocess (iso means same; thermal means temperature) 
is carried out in a manner that the temperature of the system remains 
constant, i.e. in an isothermal process dT = 0 , which implies for a per¬ 
fect gas dU — 0 (why) ? Therefore a perfect gas undergoing isothermal 
process will be an example of cyclic process. Hence in this case 

dQ = dW = PdV ...(14a) 

If we are now interested in calculating work done during an isothermal 
process by an ideal gas (having n moles, say), we have 


PV = n RT 

Substituting from Eq. (15) in Eq. (14a) 
dW = ^~dV 


...(15) 


Let the volume changes from V. to V^ ; then total work done by the 
system is 


W 


V f V f 

= j dW = J ,iRT~ ■= nRT f 

TV* 


V. 

i 


(]V_ 

V 


Vi 


= nRT ( log^ V — log f V. ) 

W = nRT Io g<? V f lV. ...( 16 ) 

If initial pressure was P and final pressure was P r .-then one can also 

1 f 

write Eq, (16) as 

W = nRr log P./P (How ?) 

6 1 J 
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Problem 

If the eqinticm of state for a g\s is given by PF‘ 2 =constant x T 
calculate the work done during isothermal process when volume 
charges from V 1 to V a . 


2. Specific heat relation 


From the first law of thermodynamics we know 
dQ = clU -I- PdV 


...(18) 


The specific heat of a substance is defined as the heat per unit mass 
required to raise its temperature by one degiee. The specific heat of one 
mole of a gas is called molar specific heat C and 


C = 


SQ 
S T 


...(19) 


This will have different values accoiding to varying external condition, 
e.g if volume V is constant, molar specific heat at constant volume 

— (3 Q/dT)^ and if pressure P is kept constant molar »pecific heat at 

constant pressure = (?Q/3T)^, where subscripts v and p denote that 

volume V and pressure P have been held constant in cases of C ^ and 

respectively. 


In some equations theie is relationship between three or more variables. You 
can choose any pair of them to be the independent variables; the other one is then a 
dependent variable. Often \vc need to compute the rate of change of a dependent 
vaiiable, holding the other constant This rate of change is called partial derivative. 
Thus (3f//3T)p > s the partial derivative of V with respect to T keeping P constant. 
Here V (dependent variable) lias been expressed in terms of T and P (independent 
variables) before differentiation, If/ts a function of x and y 


df — 



* + (H£ )/> 


which gives total derivative df in teims of partial derivatives. 


Now in Eq. (18) if differentiation with respect to temperature T is 
carried out holding volume V constant (which implies dV = 0), we have 
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Let us suppose we have started with 1 mole ofapeifect gas, In 
thermodynamics a peifecl gas is defined in the following way : 

(a) Equation of state foi all values of P and T for n moles of per¬ 
fect gas should be 

PV =- nRT 


(b) The internal energy U should not be a function of volume, but 
only of temperature. (In general, U can be regarded as function 
of volume and temperature). Thus whether we hold volume 
constant or piessure constant, so far as change of internal 
energy due to change in temperature for a perfect gas is concer¬ 
ned, it does not matter. Hence 


( n - (if ),r JUI ‘ ,T -on 


Now differentiating Eq. (18) with respect to lemperatuie holding 
pressure contant, we have 



dT Jp \dT )p ...(22) 


Substituting from Eq.(21) in Eq. (22), we have 


C 

P 



For 1 mole of a pci feet gas 


• •(23) 


PV = RT 


H? HL - p (-§-), + K (» )p 

[ since ( ~W~)p = 0; How '■ ] 



...(24) 


Substituting Eq (24) in Eq. (23), we have 
C — C = R 
P P 


...(25) 


Question 

How would the Eq. (25) look like, if we would have proceeded with 
n moles of perfect gas ? 
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3. Adiabatic process 

A process which takes place in such a way that no heat enters or 
leaves the system (dQ=0) is called an adiabatic process. This can be 
achieved either by surrounding the system with thick layer of insulating 
mateiial or by performing the process quickly, c g bursting of a tyre. 

Applying first law of thcnnodynamics we have 

dU = — d\V (since dQ — 0) ...( 26 ) 

If the work done is negative, the inteinal energy of the system 
increases. If the work done is positive, the internal energy decreases. 
The increas or decrease in internal eneigy is usually accompanied by the 
rise or fall in temperature. s 


Question 

How does the inter nal energy change when a system expands or 
contracts adiabatically '? Explain. 

Let us now calculate the woik done in an adiabatic process when 
temperature changes from J^to T a . We have seen in Eq, (21). 



or dU = C dT ...(27) 

v 

Substituting from Eq. (27) in Eq. (26), we have 

dW = — C d'T 
v 

If 0^ is assumed to be independent of temperature, then required 


work done 


T a 

W=-C v \dT = - C y (T i ~T 1 ) 

2T 


Problem 

Let the of a substance be found to vary parabolically with tem¬ 
perature, that is C = A + 2JT 2 ; where A and B are constant. Deter- 
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mine the work done during an adiabatic process when temperature 
changes from h to 7' a . 


4, Boiling Process 


Consider the vaporization of a mass m of a liquid at constant 
temprature T and pressure P. Let V. be the volume of the liquid and 
y be the volume of the vapour. The work done by the liquid in 

expanding will be given by 


W — P (Vj. — F ) 


...(29) 


Let the latent heat of vaporization be L. Jt represents heat needed 
per unit mass to change from liquid to vapour phase at constant tempe¬ 
rature and pressure. Let the heat absorbed by the liquid be Q where 


Q = m L 

From first law of thermodynamics 


...(30) 


Q = U 


f 


U 


W 


or, 


mL = V 


f 


U. + P ( V f 


v , > 


Hence, change in internal energy 


V. — U. = mL — PlV, — V. ) ...(31) 

/ i f t 

Knowing m, L,P, V f and V. gain in internal energy can be easily 
J f 

calculated. 


Example 

1 g of water at 373 K is converted into steam at the same tempera¬ 
ture. The volume of 1 cm 3 of water becomes 1671 cm 3 on boiling. 
Calculate the change in internal energy of the system if the heat of 
vaporization is 540 cal -1 g. 

Solution 

Here 

mL == 1 X 540 cal = 540 cal 
PKVf — y. ) = 10° X (1671-1) ergs » 1.67X10" ergs. 

(assuming atmospheric pressure P — 10° dynes cm -2 ) 
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Since J — 4.2 X 10 7 ei gs ^ cal 


ptv f 


V 


1.07 X 10 u 167 

" 4.2 xTo-' Cal ~ ~ 4.2 cal 


Thus change in inlcinal cncigy 

U f — V = mL - - P ( Vj - V, ) 

167 

— 510 caloues- - calories 

= 499 calories 

Problem 

By how much does the internal eneigy change when a block of cop¬ 
per of mass SOg is heated from 70°C to 5U D C. Assume negligible volume 
change. 

(Given specific heat capacity of Cu = 0.1 cal g _1 °C -1 ) 

(Ans, 630 J) 


5. Reversible and irreversible processes 

Let there be a cylinder enclosing a perfect gas provided with a 
piston If we gratia illy place some weights upon the piston, the gas will 
be gradually compressed with no oscillations, and if the weights are 
gradually removed, then gas will be returning to its initial state without 
leaving behind any tiace in its universe (system-bsurroundings). This is a 
reversible process. Thus reversible process is one which is performed in 
such a way that at the end of the process , both the system and the sunound - 
Digs constituting the universe may be fully restored to lhe’r initial states 
without producing any significant change anywhei e m its universe. Or, in 
other wo/ds, all processes the effects of width can be completely annulled 
everywhei e {at all parts of the universe ) are called reversible. 

The effects can be completely eliminated, if the thermal and mech¬ 
anical effects pioduced in the system and the surioundings at every stage 
of the direct process is exactly reversed in the corresponding stages in the 
reverse process, i.e., the amount of heat received and woik done in each 
step of the direct process should be the same at the couespondmg step in 
the reverse process, but with opposite signs, Where work is done by the 
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system in the dnect process, an equal amount of \v nk should be done 
upon the system in the reverse process Whei cheat is absoibcd by the 
system in the duect process, it should be given out by the system m the 
reverse process, 

These conditions demand that duiing the pioces:, the system should 
remain in mechanical equilibiium, i c , there should not he any unbalanc¬ 
ed forces in the inteiior of the system <n between the system and the sur¬ 
roundings. The system should alway, remain i i thci inodynamic equili¬ 
brium, i e. the tempcrutuie and pressme ;it ei cry pail of the system should 
be the same and arc infinitesimally nmn the couespnndmg quantities of 
the surroundings A pioccss 1 nixfving th-- above two cothWu ns is called 
aquasifsemi) static process .. >i mmt invariably be peifornv'd infinitely 
slowly Thus for rcveisibilily the pro■ ess should b’ quasi static and 
should leave the system in ch ■mic.il iqu.libitum, i c. it should not charge 
its internal strucluic due In chcniic.il leaction In addition lire process 
should not be associated with anv di-sipntivc effects which may ri sc Horn 
electrical resistance, viscosity, friction, inagind’o hvsteicds, etc. 

Even a cyclic pioccss cannot be tcimed revcisible if it produces 
such changes in the universe which cannot be abolished by suitable 
means In fact a lcversible process can be traced in the opposite direction 
with all the thermal and mechanical effects 1 remaining of same magnitude 
but of opposite sign to those in the diiect pioccss. Examples of icversiblc 
processes are a stiing undcigoing extension in its length within elastic 
limit due to load suspended at one of its ends, ice undcigoing melting 
on being exposed and subsequently changing into ice again on cooling 
the watei gradually, and so on 

Now one can define irieversiblc pioccss in the following manner. If 
the whole system including Ihe surrounding cannot be completely restored 
into its initial condition cvciywln re even with the help of all physical means, 
the process is said to be irreversible. Obviously heie the effects of the 
process cannot be completely obliterated 1'iom the universe. Inevcrsibihty 
isnoimally due to dissipative effects (already listed) and finite tcmpeiature 
difference between system and its suuoundings. The woild of natural 
phenomena are dominated by iireveisiblc processes. Examples are 
utilisation of heat for pci forming useful mechanical work, magnetising a 
magnetic specimen by sending current thiough it till the saturation 
magnetisation, and so on. 
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ASSIGNMENT 


1 . A thermodynamic system is taken from an initial state A to 
another state B and back again to A, via state C, as shown by 
the path ABCA in the P-V diagram of Fig. 7. (a) Complete 
the table by filling in appropriate + or — indications for the 
signs of the thermodynamic quantities associated with each 
process, (b) Calculate the numerical value of the work done 
by the system for the complete cycle ABCA. 

Ans, 20 J 



2. An iron ball is dropped on to a concrete floor from a height 
of 10 metres. On the first rebound it rises to a height of 
0.50m. Assume that all the macroscopic energy lost in the 
collision with the floor goes into the ball. The specific heat of 
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iron is" 0,12 cal. g _1 °C’'. During the collision (a) Has heat 
been added to (he ball? (b) Has woik been done on it? (c) Has 
its internal energy changed'’ If so, by liow much? (d) How 
much has the temperature of the ball risen after the first 
collision? Ans. 0.18°C 

3 . A 50 0kg block of ice at (VC slides along a horizontal surface, 
starting at a speed of 2.38ms' 1 and finally coming to rest after 
travelling 28 3 m Compute the mass of ice melted as a result 
of friction between block and the surface. List any assump¬ 
tions you need to make in getting your answei. 

Ans. 0.42g 

4. 20 g of water at 29°C is converted into steam at 99°C (steam 
temperature.) If the net change in volume is from 19.9 cm 3 
to 10,000 cm 3 calculate the ncl change in internal energy of 
the system 

Ans 5 X 10 4 J 

(Given, atmospheiic pressure «= 1.06 X 10° dynes cm -8 and 
latent heat of vaporization of water •— 540 cal g -1 .) 

5. A quantity of gas occupies an initial volume V 0 at a pressure 
P 0 and a temperature T„ It expands to a volume V (a) at 
constant temperature (b) at constant pressure. In which case 
the gas docs moie woik 7 (c) Does a gas do any work when 
it expands adiabatically ? If so, what is the source of energy 
needed to do this work ? 

Ans. case (b) Yes, internal energy 


SELF-ASSESSMENT 


1 . 

2 . 

3 . 


Distinguish between isotheimal and adiabatic process (give 
five examples for each) 

What is meant by internal energy of a system 7 How do you 
measure change in internal energy for boiling processes ? 


Show that the woik done by a certain mass of a perfect gas 
under isothermal expansion is given by W = n RT log 


(V r / V. ), where V 


f ' i 
volume of the gas 


/ 


and V. 

i 


represent the final and initial 
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4 Deduce C —C =71, from fust law of thermodynamics. 
p v 

5. (a) In a certain process 400 calories of heat are supplied to a 

system and at the same time 120 J of work is done on the 
system. Find the change in internal energy of the system. 

(b) One mole of an ideal gas is heated fiom 273 K to 546K 
at constant picssure of 1 atmosphere. Compute (i)work 
done (ii) change in internal energy, and (ni) the heat 
required for the pioccss. 

6 . Compute the velocity with which a hail storm at 0°C must 
strike the gtound so that7/15th of its kinetic energy when 
converted into heat will be enough to melt the given mass of 
hail stoim completely into water at 0°C. 

7. A process starting from A and ending at C may follow anyone 
of the two paths ABC or ADC Fig (X). Along ABC, Q =120 
cal and IV = 75 cal. Find the value of W along ADC if Q 
along ADC is 100 cal (wheie Q and W have their usual 
meanings). 


:''4j 


V 
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INTRODUCTION 


You have seen that if some work is done in a room at leinperaluic 
T, against faction, slowly enough, so that 100 m temperature docs not 
change much the lost work is converted into heat at the given tempera¬ 
ture. What about the leversc possibility? Is it possible to convert the 
heat back into woik at a given temperature? Second law of thcimotiy- 
namics to be studied m the present unit asserts that it is not, although first 
law of thermodynamics (a consequence of the principle of conscivation 
of energy) does not debai the occurrence of such events In olhei words, 
if the whole world were at the same temperature, while the process oj com 
verting work into heat can take place at a given tempera tine, one cannot 
reverse it to get the woik hack again This was the conclusion Sadi Carnot 
arrived at duiing the lescaiches carried out by him to improve the 
efficiency of heat engines, also to be studied m the present unit Hcie 
you are also going to study about the refrigctalor icqiiiicd foi the purpose 
of artificial pioduction of cold and which can be considered as a heat 
engine working m the icverse dncetion. 


OBJECTIVES 

To be able to 

1. Derive the expression foi efficiency of heat engine, and coeffici¬ 
ent of peifonmncc of refngcialor. 

2. State and explain the second law of theimodynamics in terms of 
thermal efficiency of the heat engine and the coefficient of per¬ 
formance of the lefngeruloi. 

3, Describe the woi king of Car not engine and compute its effici¬ 
ency 

4, Identify the Kelvin scale o( temperature with that of the perfect 
gas scale 
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5 Solve pi obitim based upon cliicicncy of live heal engine and 
coclliueiit of pcifoiinanee of the icfngeiatoi. 


SUGGESTED READING MATERIAL 


1. Heat engine and refrigerator 

You arc familiar with diil'cient typc.s of heat engines, such as external 
combustion engines (e.g. steam engine, whcic steam takes the heat from a 
boilei, part of it is used to do woilc and rest is rejected to the surrounding 
utmospheic) and internal combustion engines (e g. otto engine and diesel 
engine, where due to tiling of u mixture of compressed gas and air, piston 
is thrown foi waul with gieal force). I hey are nothing but contrivances 
for convening heat into woik. I lie following me the iequipments foT a 
heat engine : 

(a) A icseivou of heal 01 a somcc at high tcmpcuUurc, where heat 
is supplied by the burning of coal, oil, wood, naptha, etc 

(,b) A working substance which can he a gas oi vapour and can 
undergo expansion on heating. The woiking substance should 
be able to drive the different parts of heat engine, 

(e) A set of machineiy invaiiably nccessaiy to diive an engine. 

(d) A icscivoir of a heat at low tcmpcniUue called the sink. The 
magnitude of the souice and the sink should be so laige that 
their temperatmes lcmam unchanged because of any heat 
supplied to them 01 removed fiorn them. 

The function of a heat engine, as summarised by Cainot, is to extinct 
a certain amount of heal Q fioin the sou ice, convert a pint of it to woik 
W and tiansfer the lest (2* to the sink as shown in Fig l and finally return 
back to the initial state, Thus in a heat engine, the system stalling from 
an initial state is brought back to the same state after a series of pro¬ 
cesses essentially in the foim of a closed cm vc. The whole piocess can 
thus be teuned, cyclic. (Ref, Fig. 3, Thermodynamics i, Unit 12), The 
change in the internal energy of the system is -/era Hence fioni liist law 
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of thermodynamics, wi can cquud du change in heat energy of the system 



J ig 1 Ileal engine 


to the amount of work done by the system (which is ! ve) i.c 

Q~Q'-~ W ..(1) 

As usual, the thermal efficiency of an engine, is defined as 
Efficiency o - 

Eneigy input 

W 

OV ' n Q ..(2) 

Substituting fiom Eq. (I) in Eq. (2), we get 

„ = Q-O l _ Ql 

n Q Q -(3) 

The value of t\ is always found to be less than unity, The fust heat 
engines constructed vveic, of course. ii'eHiucnl (qrnuch le.ss than 1) devices. 
Only a small traction of heat ab tubed Ml the source could be conceited to 
useful work. Hut even as eiK-ino nng, design impioved, sizeable fraction of 
the absorbed heal was still disehatged at the lower tcmpciattire exhaust of 
the engine, remaining imconx cited to mechanical woik. It was the 
cherished dream of enginuus to devise an engine that could take heat 
from an abundant reservou, like the ocean, and convei l it completely into 
useful work, i e construct an engine with v) equal to 1. But can it really 
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be done? People had to wait for the answers of this, until the discovery 
of second law of thermodynamics. 

Before discussing second law of thermodynamics, we want to discuss 
a bit about rcfiigciatois. Take a heat engine (whose schematic diagram 
is shown in Fig 1) and let the processes take place in the reverse direction. 
What do you get? The extinction of certain amount of heat Q 1 from 
the sink by the working substance, with some work W being done 
upon it and finally tiansfeicncc of a huge amount of heat Q to the 
source as shown in Fig. 2, Such a device which acts like a reveised heat 



engine is called refrigerator and its working substance is called the refriger¬ 
ant. Since substance works in a cycle, thcic is no change in internal 
energy, Natuially from first law of thci modynamics 

Q 1 - Q = - W .. (4) 

(—vc sign with W means work is done upon the system") 

or Q = 2 1 + W ...(5) 

Let us now define a term called coefficient of performance (C O.P.) 
foi a rcftigeralor. 

c q p _ Heat absorbed from the sink at lower temperature 
Work done upon the system 


QL 

W ...(6) 


A 




...(7) 


Substituting from Eq. (5) in Eq. (6), we get 

Q l 


c.o.p. = 


Q-Q 1 


The question in iscs, can C O.P of a icfi igciator ever be infinite? 
That is, such a rcfrigcuitor simply transfeis heat fiom a cold body to a hot 
body, without icquinng the expense of outside woik. People got the ans¬ 
wer to this query aftci the discovciy of second law of thei modynannes. 
In household refrigerators the woik is done by an clectnc motoi The 
working substance is Ficon and it absorbs heat fiom food stuff kept inside 
and rejects it to surrounding air at higher temperature 

2. The second, law of thermodynamics 

The fust law of themodynaimcs denies the possibility of creating or 
destroying energy It only tells us there must he a balance between the 
energy before and after the occurrence of a process We now consider 
some examples which do not violate the first law, but still they do not 
occur in nature. 


Example 1 

Consider a metal bar, hot at one end and cold at othci. The heat 
will flow spontaneously fiom hot end to the cold end until the bar attains 
a uniform temperature We never obscivc the leveisc. i.e. a metal bar at 
unifoim temperatuic spontaneously becomes hotter at one end, even 
though this would not violate the first law since we still have an energy 
balance before and after the change. 


Example 2 

Consider a tank of water containing a paddle (Fig 3) which will rotate 



Fig. 3 
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When the weight IP fulK The spontaneous Tall of the weight decreases its 
potential energy with increase of the internal energy of the water. The 
revcise pn cess, i e the cooling of water and the weight rising is never 
observed. c\cn though, once again the i'irsl law would not be violated, 

These examples clearly indicate that there should be a directional 
law which limits the way in which cncigy may be tiandericd or trans¬ 
formed, over and above the first law. Again, neither of the hopeful 
ambitions of constructing heat engine wdh efficiency as one and lcfrigeia- 
tor With C.O P, as infinity violate dreiiist lasv if thermidy unties Never¬ 
theless neither of those amhitiona has e ever been achieved All such 
experiences led to the foinuilation of second law of thermodynamics which 
can he stated m many ways, each emphasizing another facet of the law, 
but all can be shown to be equivalent to one anothci. 

Kelvin (with Planck) stated the second law as 


It is impassible to const!uci an engine opci tiling in a cycle that will 
produce no vfleet other than the e.Uractiun of heat fiom a reset wir and the 
performance of an equivalent amount of wot h 

This statement, clearly, rules out the possibility that the efficiency of 
any engine can never be equal to one, for it implies that we cannot pro¬ 
duce mechanical work by extracting heat fiom a single teservoir without 
retaining any heat to a reservoir at lower temperature 


Clausius stated it as follows : 

It 11 impossible for an engine operating in a cycle, unaided by an 
external agency, to transfer heat fiom one body to another at a lughei tem¬ 
perature, i.e. heat will not pass spontaneously from one body to another at a 
higher tempeiature 

This statement clearly urles out the possibility of constructing a lefii- 
gerator with coefficient of performance mfn.ity We know that heat 
energy flows from hot body to cold body Clausius’ statement specifically 
rules out the reversal of the process of heat transfer from hot body to 
cold body (i.e. no heat flow can occur fiom cold to hot body) and thus 
determines the direction of transfer of heat. So metal bar of example 1 
can nevei exhibit the reverse process 
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Lord Kelvin separately stated the second law in the following 
form. 

It is impossible by navis oj muni mine material agency to derive 
mechanical effect jiom any pm non of mallei by tooling it below the 
temperature oj the coldest oj the sunamnling, objects 

This slatemenl can be illu.dialed by the example 2 just discussed, i.c. 
extracting internal enciny of water by cooling it, we can never observe 
the mechanical effect such as raising the load Similarly il is impos¬ 
sible to run a ship by extracting heal from ocean, which obviously has 
an enormous amount of internal eneigy. 7 he extinction oj heat fiom a 
piece of matter by cooling it ami utilising it m do i voile is called perpetual 
motion of second kind and second law of thei moilynamics completely denies 
the possibility oj such motion. 


The Kclvin-Planck and the Clausius statements do not appear at lirst 
sight, to be equivalent But it can be shown that contradiction of either 
leads to a violation of other, hence they are equivalent 

Let us show that coniiadielion of KelviirPlandc slatemenl leads to 
violation of Clausius slatemenl. 

Consider an ideal engine and, an engine updating as a re- 
fiigeiatoi as shown in log (4a). E : contradicts the Keh in-Planck state¬ 
ment, but E.. does not violate Clausius statement. However when Ej and 
E 2 are combined as shown in lug, (4b), we gel an engine which transfers 
heat Qi from smklo souiee without any aid fiom outside, thus viulatmg 
Clausius statement. 
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Question 


1. Show that contradiction of Clausius statement leads to violation 
of Kelvm-Planch. statement. 

2, Can the internal cneigy of watei be utilised to increase the 
potential eneigy of the loads in Joule's cxpci intent? 

The thiec difTcicnt statements of the second law of thermodynamics 
can be dmnramatieally illustrated as follows : 


Kelvin-Planck statement 



(Possible) 
Clausius statement 



(Impossible) 
Kelvin statement 



(Impossible) 



(Impossible} 
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3 Carnot engine 

From the second law of thermodynamics it is clear that efficiency of 
, w engine should always be less than unity However, one can by to 
‘ it maximum. Let us suppose a heat engine with an ideal gas as 
Irking substance ope.ntes isothc, mully. When heat is absoibcd Fiom the 
rce gas will expand and do some work. In oidei that wotk done is 
maximum one can make the engine operate in a cycle, i e. to bring back 
working substance to the initial state by doing external woik But then 
me indicator diagurm fox the complete cycle will be a line (big. 5) and 
consequently area enclosed will be zero and no woik will be done in the 
mcess. On the other hand if we consider a heat engine working ad.a- 
batically, on compression the icmpeiatuic of the gas will rise and the 



Fig. 5 

compressed 8 «s will do some work. If the gas m brooght book to 

its original state by an ad,abates process, then we know « - °I and a tee 
die gas rs brought back to initial stale ilu - 0, from the hist law 
modynamics we get dW - 0, i.c. no net work is done in the process. 

In order to get the maximum possible efficiency Sadi Carnot 
showed that if the indicator diagurm of an engine is made o surtable 
combinations of isothermals and ad.abal.es, then more and morewoikc 
be done. The following set of operations const,lute the Carnot^ 
Any engine which operates by performing these piocesses is called 
Carnot engine The working can be described as follows 

Let S, and S 3 be source (at temperature 0) and sink (at temperature 
8 ') respectively and C be the cylinder of the engine fitted with a pis on at t 
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mm-contluclina cap I* (Fijz bum. I.U ilm working substance be an ideal 
IMS, i et the followin;: snp, be lulu wed 



Fig 6 (a) 


(a) Isothermal expansion Uit unntant Icmpmiunu) 

The gas is kcpl m thermal contact with the source at temperature 0 
The initial piessme and volume of the gas are icpiescntccl by the point 
A in the indicator diagram I m. Otb). Let the gas be allowed to expand 


A 



t ig, 6 (b) 


reversibly and since during this process temperature falls, it will absorb 
heat Q fiom S t so that throughout the process of expansion the tempera¬ 
nce of the gas will remain 6 and timing this isothermal expansion, suppose 
representative point specifying the state of the working substance, moves 
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fiom A to U. theicby volume changes fiom V x to K 2 . The work done 
dining this process if wc have staited with 1 mole of perfect gas will be 

V z V« 

U'i — j P tlV A’O j d y ^A0 1o E c [y a fV 1 ) .(8) 

Vx Vx 

But since temperature is constant, change in internal cncigy is zcio 
during the pioccss. Thus fiom first law total heat absoibcd Q will be 

q = Wl = R 0 log t) ...(9) 

where 0 is the temperatuie in pcifoct gas scale. 

(b) Adiabatic expansion 

Let us put the insulating cap P on the cylinder such that theie is no 
heat c>change bctvvcen the i is and the suiioundings, when representative 
point is at B the piston will keep moving thiough some distance due to 
inertia but since wc hare made now the process of expansion adiabatic 
(cutting oil the exchange of heat between gas and suirounding), the tem¬ 
peratuie will fall and let the tempeiature at the end when lcpicsenlative 
point is at C, be the tempeiature of the sink 0' wheie volume of the gas 
is V 3 and piessure is quite diminished. 

(c) Isothermal compression 

Since pressuie at C is veiy low, in ordci to enable the gas to do 
more woik. it is neecssaiy to bring it back to original state A. Thus, at 
first P is lemoved and gas is kept in thcimal contact with the sink at 
temperature O'and it is compressed isothcrmally. Though during com¬ 
pression the lempeiatuie of the gas will tend to rise, it will, however, 
remain constant at O' because heat developed Q l will be transferred to the 
sink. Suppose during isothermal compression representative point moves 
fiom C to 1J and theieby volume changes from V 3 to V, t . Here work done 
W 2 during the compression will be equal to the amount of heat rejected 
Q 1 to the sink, i.e. 

j tog'(ka/p-i'V ! hr ...(10) 

I T , n y & 

M r, L ' ' J , 

AO' log’’- (14/,K,), why not = A0'(log g 14/14 ?) 

.• if ' d.u 




(cD Adiabatic compression 

At this stage. cap P is replaced ami the gas is further compiessed in 
a reversible process Since the process is adiabatic, the temperature of 
the gas will rise. The gas is compiessed till the original state A is 
reached. Thus the cycle is completed. 


From previous unit, we know Unit the total work done will be given 
by the area enclosed by the whole cuive shown in Fig 6(b) The gas can 
be taken through the cycle again and again and more and more work can 
be done. Obviously here heat abruption takes place during isothermal ex¬ 
pansion and heat rejection takes place during isothermal compression. 
Since system comes back Lo initial state, there Is no change in internal 
energy; thus from iiist law the difference between heat supplied and heat 
rejected by the system will be equal to net work done by the gas during 
the cycle given by the area ABCDA, hence 


and Efficiency 


W -= <2 — Q l 


Work done 
Heat supplied 


Iff Q—Q 1 

Q~ Q 



But fiom Eq. (9) and Eq. (HO 

_Q -K0 log c (VJVj) 
Q 1 ' a? iog e {vjyj) 


B log e (k'a/Fi) 

onsgTcw)' 




•••(12) 

...(13) 


Applying PV - constant, fot isothennals AB and CD, we have 

.. (14a) 
...(14b) 


P 1 V 1 = P 2 ff ? 
P 3 V 3 = P X V, 


where P u P 2 , P 3 and P. x are the pressures at A, B, C and D respectively. 

Y V 

Again applying PV ~~ constant (incidentally, for adiabatic processes PV 


— constant, where y — C p /C u ) foi adiabatics BC and DA, we get 

p.yd = p 3 vj 

= PiFi Y 


...(15a) 
. .(15b) 
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Fioffl Eq. (14) 


PiPzV iK, - P-iPiV.V , 


...(16) 

From Eq. (15) 

l\Ps (V x vS { - PJ\ { 


■ ■•(17) 

Dividing Eq (17) by Eq. (16) 



(V 1 V 3 ) V-J -(V s V,) y_1 



V a . Vj 
’ v, V 4 


...(18) 

Substituting from Eq. (18) in Eq (13) we get 



Q 0 

01 - 0‘ ° r ’ 

Q' o' 

Q o 

-(19) 

where 0 and 0 me tcmpeiatures on peifeet gas scale. Now substituting 
from Eq (>9) in Eq. (12), efficiency of Carnot engine can be written as 

71 = i “ T 

. 

...(20) 

Hence the C.O.P. of Carnot refrigerator will be 



c o p — Q 1 — ® 


...(21) 

■ U ' w 0 - 0 ' 



Now having analysed the mode of operation of Cainot cycle, we now 
intend to show the following consequences: 

(i) Carnot cycle is reversible at each stage, because instead of extra¬ 
cting an amount of heat Q fiom a source at 0 and tiansfernng a part Q 1 to 
a sink at 0 and utilising the rest to do work W, one can proceed in such a 
way that the machine extracts the heat Q} from the sink at 0' on perform¬ 
ing woik W upon the machine and the largei heat Q is tiansfencd to the 
source at 0 Hi is can be accomplished by proceeding along the leveise 
toutc ADCBA shown in Pig.7, i.c. fiist allowing gas to expand achabatically 
horn AtoD followed by allowing it to expand lsothermally from D to C 
m contact with the sink at O'; the heat Q l is extracted in the process. Then 
we compress the gas adiabatically to leach B and further compress it iso- 
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thermally to reach at A Thus Carnot cycle is pcifectly icveisiblc. The 
larger amount of heat Q is thus tiansfencil to source at 0 (at highei tempe- 


.A! 



Fig. 7 


ratine) at the expense of tlie wor k given by the area ADC BA. 1 he machine, 
therefore, instead of acting like a heat engine, acts like a icfrigeiator 

(u) Although we have used the pet feel gas as the winking substance, 
it is cleai fioni the expiession lot that it is independent ol the natuie of 
the woiking substance and since, 


it only depends upon the lempeiatures of the source and the sink. 

(iii) It cun be shown that no engine can be wore efficient than icvent- 
bie Carnot engine. The result is sometimes refened to ct\ Carnot theorem. 


We do not intend to do this foi you but, of course, give you some 
hint to work out on your own Considei an irreversible engine, E i woiking 
in a cycle which can only extract heat Q from the source, pcifoim work IF 
and icstoie Q~ W to the sink Now consider a rcveisible Carnot engine 
E a acting like refngeiator, which extuicts Q-W amount uf heat from sink 
upon doing woik W‘ and restores to tiie souicc. Assume ^ 0^,- Then 
combining ^ and C. you arrive at a situation whcic peipetual moticn 
of second kind must occur if the assumption t)e > 0e„ is correct Since 

second law of thermodynamics debars the oecunence of perpetual motion 
of second kind, hence vie > ye, which implies '0 e ^ "Oe All engines 

12 2 L 
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such as steam engine, diesel engine, etc, are nrcveisible and their efficiency 
is less than that of a C'm not engine 

We have seen that nn engine can be 100% efficient and we can’t do 
better than Cm not engine. Thcicfoie to get some useful woik done 
some cneigy must be wasted which could icsult in thermal pollution. It 
is observed that GNP (Gioss National Product) of a countiy is diicctly 
propoitional to eneigy consumption. Tins also results in greater pollution. 
It may then appear that the way modem societies (which fur comfort use 
energy slaves such as automobiles, washing machines, aeioplanes, vacuum 
cleaners, electric appliances such as electric tooth brush) aic developing; 
mcater affluence irsults in gieatn eneigy consumption and consequently 
gieatci pollution It isa'm feaicd that before too long we may run out 
of eneigy souices, 


Question 

What lend of sociely would you like to live in 9 


Questions 


1. CVuldn’t we define 


W 

Q 1 


rather than defining it as yj— 


W 

Q 


2, How is the efficiency of a reveisible engine related to C.O P. of 
the reversible lefrigeialor obtained by running the engine 
backward? 


3. Comment on the statement To produce is to pollute. 


Example 1 


A reversible Carnot engine utilises an ideal gas. The tempeiature 
of the souitc and the sink aie 500 K and 375 K respectively. If the 
engine takes 600 k cal of eneigy per cycle from the source, compute 

(a) the efficiency of (he engine. 

(b) the woik done per cycle 

(c) the heat rejected to the sink per cycle. 
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Solution 


0 ' 

fa) Efficiency of Carnot engine (o) = 1 — -g— 

375 

= 1 - ^—0 25 
oi f] — 25% 

... _ _ WorlqdoneJW'') 

^ ~ Heat supplied (Q) 

Since heat supplied per cycle (0 — 600 k cal 

Work done per cycle (IF) — r\XQ 

= 0 25 X600 k cal =•-= 150 k cal 
~ 6,27 x 10° joules 

(c) If Q 1 be the heat rejected to the sink per cycle 
Q l — Q — W 

= (600 — 150) kcal = 450 k cal 

= 1,88 X 10° joules, 


Example 2 

In a refrigerator, heat from inside at 277 K is transfeired to loom at 
300 K. How many joules of heat will be delivered to the room for each 
joule of electrical energy consumed ideally. Also compute the coclficier 
of performance of this rcfrigciator, 

Solution 

For an ideal refrigerator 

W _ Q - 0 0-0' 

Q ■ Q 0~ 
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Where the symbols have their usual meanings. Thus 

2 - r (-» °v ) 

Here 0 = 300 K 
0' => 277 K 
W — 1 joule 

„ , f 300 \ , 300 

Thus 2 — 1 X ( 3 qo H 211 J ,ou cs 3 joules 


CO.P. 


Q l _ <]' _ 271 277 

H> " 0—O' ~300 —211 ~ 23 


4, Absolute scale of temperature 


Efficiency of a heat engine is given by 


'0 



...( 22 ) 


where Q and Q l ate the heat exit acted fiom the source and heat rejected 
to the sink tespectively If the source and sink are at temperatures 0 and 
0' respectively on the perfect gas scale then we have shown for the re¬ 
versible Carnot engine, using perfect gas as the working substances, that 


Qfi 

Q 


6 ' 

0 


.. (23) 


The idea was utilised by Kelvin to define a new tcmpeuituie scale called 
Kelvin scale or thermodynamic temperature scale through the lelation 


Q} = JT 


• • (24) 


where T's aie temperatures on Kelvin scale. Thus the ratio of two tempe¬ 
ratures on the Kelvin scale is defined as the ratio of heat rejected to heat 
absorbed by a Carnot engine working between two reservoirs at these tem¬ 
peratures. 
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Kelvin scale (or thcrmodynanuc scale) is based on the efficiency 0 f 
Carnot engine (winch is independent of the nalinc of ihe working subs¬ 
tance), thcicfoic it is independent of the nattue of thermometric substance 
and hence also called the absolute scale of tcmpciatuic. 

Now efficiency V of a Carnot engine in Kelvin scale is 

v ” 1 — T '/ T . (25) 

If we put T'=0, we get V equal to 1. This defines the absolute zero 
on the absolute (thermodynamic oi Kcl\m) scale 

Tins also implies that negative tcmpciatuic cannot exist on the ther¬ 
modynamic scale (how 

Now since absolute zero is fixed on the thermodynamic scale, all 
that icmatns to be done is to fix the magnitude of a degtee in the scale. 
For this, Ictus keep sink at the tuple pomt (whcic walct vapoui, liquid 
water and ice ate all in equilibrium) temperatuie (T -=273.16 K) of 

water. Then from Eq. (23) the tcmpeialiue of the souicc t.0) in pet feet gas 
scale 


0 X 273 16K ...(26) 

And ftom Eq. (24), the tcmpcratiuc of the souicc (T) in the thcimodyna- 
mic scale is 


T =-£ x 273 16 K .. (il) 

From Eq. (26) and Eq (27) wc find 

T = 0 ...(28) 

i e. thennodynamic scale (or absolute scale) of tcmperaluic is the same as 
that of a perfect gas scale. 

Questions 

1 Why do we call the thermodynamic scale of tempciature as 
absolute scale ? 
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2, Define absolute zeio in tenns of efficiency of a lcversible Cainot 
engine 


ASSIGNMENT 

1. (a) If we take a lubber band and pull it, it gets vvaini, and this 

warming is rcveisiblc; and a rubber band supporting a load 
conducts on being healed Explain these facts 

(.Hint Pioceed with the idea that lubber consists of an 
enormous tangle of long chains of molecules and bclween the 
chains there are cioss links) 

(b) Give a qualitative explanation of how fnctional forces bet¬ 
ween moving smfaces pioducc heat energy. Does the icverse 
pioccss (heat energy pioducing lelative motion of these 
surfaces) ocean ? Explain. 

2. (.a) We cause a teal gas to go fiom an initial cquilibimm state i 



(Fig 8) desciibcd by P\, V\, T, to a final equilibrium state 
f described by Pi, Vi. (.“■JEj) and 7’t (-~Ti ). We carry 
out the pioccss incvcrsibly, can we calculate the woik done 
in terms of an area on a P-V diagram ? Is any woik done ? 

Ans. Yes 
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(to) To cany out a Carnot cycle wc need not stai t at point A, 
but may equally well stait at points B, C or D or indeed any 
intermediate point (Fig. 9). Explain. 



Fig 9 

3 (a) An ideal gas heat engine operates in a Carnot cycle between 

227°C and J27°C. It absorbs 6 Ox 1C 1 kcal at the higher 
tcmpciaturc. How much work per cycle is this engine 
capable of performing ? 

Ans 5,02 X 10 1 joules 

(to) In a mechanical vcfngciatoi the low tcmpciaturc coils are at 
a tcmpciaturc of—13C, and the compressed gas m the con- 
densci has a lempciatuic of 27’C. What is the themetical 

coelhcicnt of performance ? . . 

Ans. 6.5 

4. A cylmdci contains oxygen at a pressure of 2 aliuospheies The 
volume is 3 lities and the temperature is 300 K the gas is 
carried thiough the following piocess. (i) heated at constant 
pi cssure to 500 JC, (n) cooled at constant volume to 250 K, 
(m) cooled at constant pressure to 150 K; (>v) heated at 
constant volume to 300 K. Show these processes on a P V 
diagram. Calculate the net work done by the oxygen and the 
heat flowing into the oxygen. 

Ans, 202 joules, 48 cal 

5. What is the minimum power that must be supplied to a refrigera¬ 
tor that freezes 20 kg of watci at 0°C into icc at 0°C in 5 minutes 
where the loom tcmpciatuie is 20°C '! 

Ans. 1.6 kW 
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self-assessment 


1. (a) If a Carnot engine is independent of the working substance, 

then perhaps teal engines should be similarly independent, 
to a ccitain extent, Why then, for leal engines, aiewe so 
concerned to find suitable fuels such as coal, gasoline, or 
fissionable material'’ Why not use stones as a fuel? 

(b) What factors icducc the efficiency of a heat engine from its 

ideal value*’ 

(c) In ordei to increase the efficiency of a Carnot engine most 
effectively, would you increase T x keeping 7\ constant, oi 
would you 'decrease 7’ a , keeping T x constant 1 ’ Here T x 
and T-. are the temperatmcs of the souice and the sink 
respectively, 

(cl) Can a kitchen be cooled by leaving the door of an electric 
rcfrigcialor open? Explain. , I 

(e) Two samples of a gas initially at the same temperature and 
pressure aic compressed fiom a volume V to a volume (F/3), 
one isothcrmally and the other adiabatically In which 
sample is the final picssure greater? 

2. A Carnot engine opeiates between 350°C and 0°C and it takes 
5 k cal of heat from the source. Compute (a) its theimal effici¬ 
ency (b) woik done per cycle and (c) heat rejected per cycle 

3. Assuming that a domestic refi igevator can be regarded as a 
rcvcisiblc engine working between the Icmpcraluie of melting ice 
and that of atmosphere at 17°C, calculate the encigy requiiedto 
fieeze 1 kg of water at 0°C, 

4. In a two-stage heat engine a quantity of heat Q x is absorbed at 
T lt woik W x is done, and a quantity of heat Q 2 is expelled at a 
lower tempeiature T 2 by the first stage. The second stage 
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absorbs the. heat expelled by the first, does work and expels 
a quantity of heat {?a at a lower temperature T a . Prove that the 
efficiency of the combination engine is (7\—7V)/Ti. 


Using the equation of state of an ideal gas and the equation 
desciibing an adiabatic pioccss for an ideal gas, show that the 
slope i/Pjdl\ on a P—V diagram of an adiabatic curve can be 
written as (-yPJV) and of an isothcimal can be written as PJV. 
Fiom these icsults prove that adiabatics are steeper curves than 
isolhetmals, __ 

r~~' “ 7^ .• • , - ’ration \ 

Nativi r .i • - s 

r . • , ■. ■ I 


3 - p-l.er)S70&- 
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INTRODUCTION 


■ 1 


From the first law of thermodynamics you have seen that heat energy 
flows from warmer bodies to cooler bodies. The flow of heat occurs in 
three ways, viz. conduction, convection, and radiation. The phenomenon 
of heat conduction is believed to take place by molecular collisions in 
solids. In convection heat is transferred by the bodily motion of the 
molecules in a fluid. In contrast to these two methods of heat transfer, 
radiation does not require any material medium foi, the transfer. For 
example, light, treat, etc. are transferred to the earth from the sun by radia- 

1,1,. ' . i 

tion because space is mdstly empty. Th,e term radiation refers to conti¬ 
nuous emission of energy from the surface of all bodies This energy is 
called radiant energy and is in the form of electromagnetic waves in the 
infra-red region. Laws of radiation which you will come across in this 
unit are based upon thermodynamics. However, their applications ’will 
benjainly in astrophysics—to estimate,the temperature of the sun and the 
distant stars, to identify the elements in.solar atmosphere, and so on. 


, . OBJECTIVES 


’ , I I! 1 


To be able to 

' ■« , yi , ’ • ‘ ■ I'l > . r, (i ' u 

1. State 1 the 1 impbrtant facts which one can deduce from the 
’’ radiant'energy spectrum of a Heated body. 1 1 

'm fr h ' J * ! ■*’.((' ft' v , 

'*•‘2. ■ Define .emissive .power-and absorptive power of a body. 

.... ' ■ * - ‘ , » - ' ‘ i 

3. Apply Wien's,'law ,to estimate the temperature, pf heavenly 
/ bodies,,,, " " • ■ ■ , (i' : i’ 


4. Deduce KirchoITs law and explain its two applications, viz. to 
study the atmosphere of stars and to design a perfectly black 
body for experimental purposes. 


r 



5. Apply Stefan’s law to estimate the temperatures of hot bodies 
solar constants at various planets of the solar system, and also 
to deduce Newton's law of cooling. 

6. Explain the principle behind the temperature measurement of 
hot bodies by a radiation pyrometer. 

7. Solve problems based on objectives (3), (4) and (5). 


SUGGESTED READING MATERIAL 


1. Spectrum of the radiant energy 

All bodies emit radiation with wavelengths that are characteristic 
of the body’s temperature, e.g. the sun, at 6000K, emits encigy mainly in 
the visible spectrum and the earth at an ideal radiation temperature of 
255K, iadintes energy mainly in the far infra-red (heat) region of electro¬ 
magnetic spectrum. The human body also radiates energy in the infra-red 
region. 

The teim radiation lefers to the continual emission of energy from 
the surface of all bodies. This energy is called radiant energy and is in 
the form of electiomagnetic waves. These waves travel with the velocity 
of light and arc transmitted through vacuum as well as through an, 
Upon absorption the radiant energy transforms to energy of molecular 
motion (heat). 

Let us now perform a simple experiment Take a piece of blackened 
platinum wire in a dark room and pass through it electrical current 
which serves to heat the wire. The magnitude of the current is gradually 
increased. After sometime the wire becomes warm and emits radiant 
energy. When a slightly stronger current is passed the wire begins to glow 
with dull red light. This shows that the wire is just emitting red radiation 
of sufficient intensity to affect the human eye. Accurate observation has 
shown that this takes place at nearly 525°C. With increasing tcmpeiature, 
the colour of the emitted ladiation changes from dull red to cherry red 
(at nearly 900°C) to orange (at nearly 1100°C), to yellow (at nearly 
1250°C), until at about 1600°C, it becomes white. What do you infer 
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from this? Firstly, the temperature of a luminous body can be estimated 
from its colom Secondly, with the increase in temperature , more waves of 
shortet wavelengths (.since wd light is of longei wavelength than orange , 
yellow, etc ) are emitted by a heated body m sufficient intensity. Vice-versa 
one may argue that when the temperature of the wire is below 525°C, it 
emits waves longer than red, but these waves can be delected only by 
their heating effect, 

Now at any temporalure the radiant cneigy emitted by a body is a 
mixture of waves of difTci ent wavelengths, but most intense of these waves 
will have a paiticular wavelength (say A m ) e g„ at 400°C the A m will be 
about 5 X 10 -1 cm foi a copper block, for wavelengths either greatei or 
less than this value the intensity decreases as shown in Fig 1 where late of 
emission foi Cu block pei unit range of wavelength c-y has been plotted 
against wavelength A The conesponding distribution of eneigy at higher 
temperatures is also shown. 



Fig. 1 

Evidently area between each curve and the hoiizontal axis represents 
the total rate of ladiation at that temperature (How?). A study of the 
curves shown m Fig. 1 clearly indicates two facts, viz. 

(1) Total rate of radiation at a particular temperaluie (represented 
by the aiea between each curve and the horizontal axis) inctea- 
ses rapidly with tcmperatuie. 
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(2) Fach curve has a definite energy maximum c m and coirespond¬ 
ing to that a wavelength -\ m (i e wavelength of the most intense 
wave). 'Ihe A,„ shifts towards left, or towards shorter wav e . 
lengths with increasing temperature. 

The second fact which one has inferred from the cuives shown in 
Fig. 1 can be expressed quantitatively by what is known as Wien's dis- 
placement law The law was actually deduced from thermodynamic con¬ 
siderations. It simply states that A,„ shifts towards shoitei wavelengths as 
the temperature of a body ts increased. This law is, stnctly valid only for 
black bodies (about which we are going to discuss shortly). Mathemati¬ 
cally 


oi, A .,,,T — constant . .(1) 

The constant in Eq (1) is found to have a value of 2884 micion-degrees. 
This furnishes us-with a simple method of determining the temperature of 
all radiating bodies including those in the heavens. Thus for the moon, 
— 14 microns, and hence temperature of the moon T — 2884/14 = 
206 K. 


Questions 

1 

1. Can i’ou apply Wien's displacement law for estimating the 
temperatures of heavenly bodies in the strict,sense.? 

i 

2. It is given that ( ley ) — {TIT' ) 5 „.IIqW will you obtain 

the distnbution of energy at a second temperatuie 1'if the 
distribution at any temperature T is given ? 


Problem 

1. (a) If the temperature of the sun is 6050 K, calculate the wave¬ 
length of the maximum emission ? What docs it correspond 
to, in the spectrum of electromagnetic waves ? 

(b) The ideal radiation temperature of the earth is 255 K, 



estimate the wavelength corresponding to the mbst intense 
wave. 


From the curves shown in Fig. 1, it is clem that at a particular 
tempeiatuie and fur a particular wavelength tange A and A 1 d A, the rate of 
emission (i.e. amount of radiant energy emitted per Square nictic area of a 
surface, per second), per unit wavelength range is constant. Hence at a 

given tenipeiature and wavelength, the energy emitted' by a nuface can be 
best expressed in terms of We will, hereafter, infer to e as the 

cmissna power of the surface at a given tempe 1 atm a and wavelength. For 
your convenience, let us put e ^ in the form of a derivative. 


Let dE , = Amount of energy emitted by 1 in 2 atea of a surface in 
A 

one second within the wavelength range A and A-f-r/A 
(of course, at a given temperature), 
and, rfA - Wavelength inleival. 


then e. 
A 


r/£,\ 

Tx 



When radiation is incident over a surface, a pait of it gels leflected, a 

part of it gets tiansimtlcd and rest are absorbed. Of couise, for different 

surfaces, degrees of reflection, transmission and absoiption will be 

different, e g we know from our expeuences in everyday life that a bright 

polished surface reflects most of the radiation incident upon it, vvheieas a 

rough black surface absorbs most of the radiation falling on it. We define 

absorptive power a of a surface, as 
A 


a , (at a given tempeiature and wavelengh A) 


= Total amount of radiation absorbed between A and A+r/ A 
Total amount of radiation incident between A and A -| d A 


..(3) 


Questions 

1. Why is heat loss by radiation so critically dependent on the 
temperature of a body ? 

2. Why do we wear light colouied clothing duiing summer ? 
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3 Are tile emissive power and absoiptivc power of a surface- 
constants 1 Explain. 

2, Black body radiation and Kircboff’s law 

As wc have already pointed out, when radiation falls on matter, it 
may be paitly reflected, paitly absoibcd and partly transmitted. 

If for a particular wavelength A, and for a given surface 

r, — fiaction of total incident energy i cflccted. 


= fraction of total incident energy absorbed (absorptive 
power of the surface). 

= fraction of total incident energy transmitted. 


then obviously 

1 — i\ 4- a, + t 

A A A 


...(4) 


For a perfectly black body, r — /.-=() and a. = 1. 

A A A 

Thus, radiations incident ovci black bodies will be totally absoibcd. 
Lamp black is the nearest approach to such a body, Apparently.it 
neither reflects nor transmits the light which falls on it, absorbs all, and 
hence appears black. But the perfectly black body does not exist in 
reality, for even the lamp black is found to transmit light of long 
wavelength. It absorbs about 96% of visible light, platinum black 
absorbs about 98%. 


A perfectly white body, in contrast, is defined as a body with o^=0, 

= 0 and = 1 and surface is such that reflection is diffused. A piece 

of white chalk approximates, as far as visible radiation is concerned, 
to a perfectly white body. 


We now want to discuss about what is known as Kirchoffshw 
which is true only for temperature radiation. The term temperature 
radiation needs a little elaboration. Material substances at all tempera¬ 
tures are found to radiate, at low tempeiaturcs radiation of long wave¬ 
lengths and if raised to higher temperature radiation of smaller wave¬ 
lengths. Such kind of radiation is temperature radiation. Other methods 
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of making matter to emit ladiation such as by passing clcctiic discharge 
through its gaseous state, or by chemical actions as in flames, do not 
come under this category. 


In older to deduce Kirchojf's law we take an enclosed space and 
let its walls be opaque to radiation of all wavelengths. The walls are first 
imparted a uniform temperature and then thermally insulated from the 
surroundings. Imagine the enclosure to be filled with radiation being 
emitted by the walls having wavelength lying between A and X -I d X and 
let a body A be placed inside it It is not difficult to piove that whatever 
the initial temperature of A might have been, it will ultimately acquire 
the temperature of the walls, i e , A will come in thermal equilibrium 
with its immediate surroundings. Now since the temperature is constant, 
the rate of emission of A must be equal to its rate of absorption of 
energy. For the given temperature of the body if is the emissive 
power of the surface then the energy emitted per squatc metre, per second, 
between A and A-hr/A will be e,\ i A [Ref Eq. (2)J Let the cneigy falling 
on unit area per second within the same wavelength range and tempera¬ 
ture be clQ. If for the given temperature and wavelength, absorptive 
power is a ^,then the total energy absorbed per unit area per second will 

be dQ [Ref. Eq (3jJ. 

Since body Is In thettlial equilibrium etlergy emitted by the body 
Can be equated, to the cneigy absorbed and we have 

\ * 4 “ \ dQ 

or c x dQ 


We know that for any given temperature, dQ is a constant. So for a 
fixed range of wavelength c/X, dQ will be constant. This implies that 
e \l°\ * s a constant for any surface. In case of a perfectly black body> 

let, £ be the emissive power and a. be the absorptive power, wheie of 

course, = 1. Using Eq. (5) for such a body 

E^ 1 Jh = 1 dQ ...(6) 
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tlQ _ E 

d>- >• .' ...( 1 ) 

Eq. (5) and Eq. (1) give 



Eq. (8) is known as KirchofTs law which,can be slated as follows: 

At any temperature the ratio of emissive power to the absorptive 
power of a substance is constant and equal to the emissive power of a per- 
*■ ftdly black body 

We have proved the law here for bodies inside the enclosure. A 
little consideration will show that, since the emissive and absorptive 
power depend only upon the physical nature of the body and not upon 
its surroundings, the law will hold for all bodies under all conditions for 
pure temperature radiation. 

< , , ■ i - \ 

This law clearly implies that bodies with high emissive powers (good 
emitters) will also have very high absoiptive powers (good absorbers, 
since the ratio of these is constant for a given tempeiature and wave¬ 
length range. But since each body must cither absorb or reflect the 
radiant energy reaching it, a good absorber must be a poor reflector (or 
good emitter ). 

3, Applications of KirchofTs law • 

(1) All elements on being heated emit their characteristic wave¬ 
lengths, A given element will be a good emitter of its characteristic wave¬ 
length and naturally from KirchofTs law it will also be a good absorber 
of Us characteristic wavelength, e.g, when a flame tinged withNaClis 
observed in the spectrometer two sodium yellow lines of wavelengths 
5890 A u and 5896 A c are seen. If white light is viewed, through a sodium 
vapour using a spectrometer of very high resolving power in the labora¬ 
tory two dark lines (due to absorption by sodium) are observed in the 
continuous spectrum corresponding to. waveleiigths 5890 A° and 5896 A". 

Let us take the case of 'stlri' consisting of’glowing mass emitting a 
continuous spectrum without any , dark lines. When this light passes 
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through sun's atmosphere which is at a lelatively lower temperature 

many elements present m it absorb their characteiistic wavelengths and 

dark lines are seen in those regions of the spcctmm. Thus by studying 

the emission spectra of the sun difleient elements present can be 
a ■,l , - w * ' ’ ' ■ 

identified. r , 

The dark lines observed in the spectium of sunlight are called 

Fraunhofer lines and are denoted by the letter s A,B,C,D. Similar 

procedure can also be adopted with other stars. 

>' [2) KirchofFs law also enables us to design a perfectly black body 
for experimental purpdses. We go back to an enclosure at constant tem¬ 
perature containing radiations between wavelength range X and X + rfX. 
NovVlet us make a'smull hole in the enclosure and examine the radiation 
escaping out of it. This radiation is made up of single, double, triple, etc. 
refiectibn from the walls. Thus if the rcflecting power of the surface of 
thfc wall is r,' while the'emissive power is e, the total ladiation escaping 
out is • ■ ■ ■ .... 


= e + ei er" ■+ er 3 -t-. 

= c (? + r i- + rM-. 


1-r ...(9) 

But from KirchofT’s law = E. 

a 

or, e == Ea , ...(10) 

wheie E is the emission from a black body. If now walls are assumed to 
be opaque (i.e. t = 0) from Eq. (4). 

a = 1—r •• • C10 

Substituting from Eq. (11) in Eq. (10), WC get 
e = E U—r) 


01 , 


e 

1 —r 


= E > 


..(12) 
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Comparing Eq. (9) and Eq. (12) it is clear that the diffuse radiation em¬ 
erging out of the hole will he nearly identical with radiation from apeifedly 
black endi ve surface. Smaller the hole, the more completely black the 
emitted radiation is, So \vc see that the uoiformally heated enclosure 
with a small cavity behaves as a black body towards emission. 

Again such an enclosuie behaves as a perfectly black body towards 
incident radiation also. For any ray passing into the hole will be re¬ 
flected internally within the enclosuie and will be unable to escape out¬ 
side. This may be further improved by blackening the inside. Hence 
the enclosure is a pci feet absorber and behaves as a perfectly black body, 

In Fig 2, such a black body due to Fcry has been shown. There is 
a cavity in the fonn of a hollow sphere with its inside coated with black 
material and has a small conical opening O. Note the conical projection 
P opposite the hole O. This is to avoid ducct radiation from the surface 
opposite the hole which would otherwise make the body not perfectly 
black 



Fig. 2 


The black body commonly used (due to Wien) in piactice consists 
of a metallic chambei made of bi ass or platinum and blackened inside. 
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It is electrically heated using a heating element The radiation coming 
out of the small hole in the chamber is used for experimental purposes. 


Questions 

1. Is the blackening of the walls of the cnclosuic to make black 
body for experimental purposes, really necessary ? 

2. A hole in the wall of a cavity radratoi is sometimes called a 
black body, why 7 

3. It is stated thaL if we look into a cavity whose walls are mainta¬ 
ined at constant temperature no details of the interior is visible. 
Does this seem reasonable ? 

4. A piece of decorated china is heated in a furnace to about 
1000°C and then taken out suddenly in a dark loom, the de¬ 
corations appeal much blighter than the white china, why? 

5. When a piece of giccn glass is healed in a furnace and then 
taken out, it glows with a led light, why? What will happen, if 
instead, you take a red glass? 

[Hint '• We know that green glass looks green because it absorbs 
red light strongly and reflects or transmits the green (led and 
green being complimentary colours)]. 


4. Stefan’s law 


Experimental measurement of the iatc of emission of radiant energy 
from the surface of a body weie made by John Tyndall and on the basis 
of these Joseph Stefan and Boltzmann concluded that the eneigy emitted 
per square metic of the surface per second could be expressed by the 
relation 


Mutio* 


-j&.= e g T 4 


..(13) 


where a is a fcons^int^qalle^teMii’s. c'ogstrvjik.^mSliias the value 5.672 X 

10 -8 JJirfsddg*. T is r tire ‘‘Kelvin temperatuie o? the surface and e is a 

( _ , , , . . ' • "‘Oa 



quantity. vum times called the cmissivily oi 1 dative e mi ttance, whi I 
ilupetul\ upon the i,uiuic tf the mu face and t, mperatw e. Hie values of 
e lic.s between 0 and 1 (of course, even loi the same matcual if temper 
tuie ranges are dillerent, <> will be diflcrcnt), being small foi polished 
metals and ulmi si 1 foi black, ioug,h niateiiuls. The emissivity e of an 
ideal black suiftae is equal to unity, hence Stefan's law (Eq. 13) for ideal 
black suiface will be 


Where Eq 


Eq = n T‘ l 


•••(14) 


The eneigy emitted per square metre of an ideal black sur¬ 
face pel second. 


One may tend to think fiom Eq. (13) that if the suifaces of all bodies 
are continually emitting radiant eneigy, why don’t they eventually radiate 
away all their internal energy and cool down to a temperature of absolute 
zeio [whetc0 from Eq. (13)]. The answer is that they would do 
so if energy were not supplied to them in someway. In fact, all the 
objects are both radiating and absorbing iadiant energy simultaneously. 
If a body is at the same temperature as its surroundings, the rate of emis¬ 
sion is same as rate of absorption, there is no net gain oi loss of energy, 
and no change in lempci alure. However, if a body is at lower tempeia- 
turc than its surroundings, the rate of absorption will be gieater than the 
rate of emission and tcmpcialure will lisc till its tcmpeiatuie is equal to 
room temperatuic. Similarly if a body is at highei temperature, the late 
of emission will be greater than rate of absorption and hence there will 
be a net energy loss. I-Icnce for such a body at a tcmperatuie 7\, with 
surroundings at a temperature 1\, the amount of net energy loss (if 
Ti>T 2 ) per second per square metre is 

E net “ « 0 (*V - TV 1 ), for 7\ > T 2 .. (15) 

Question 

What will be the expression for net energy gained per second per 
square metre if > T x . 

One can deduce Newton's law of cooling from Stefan’s law. Newton’s 
law of cooling states that the rate of loss of heat ( cooling) of a hot body 
is directly proportional to the mean excess of temperature of the hot body 
over that of its surrounding provided the difference of temperature is very 
small, 
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Let a body at temperature TK be surrounded by another body at 
j’K The late at which heat is lost per unit area per second by the hot 

body is ' 

E - e a ( T 4 - 77 ) 

— e a ( T — T 0 ) ( T s + 7 2 T 0 + 7T fl 2 + T 0 * ) 

If (T-T 0 ) is very small, T ~ T 0 . 

T 3 ~T 0 a , 7 ^ 7’ 0 ~7T 0 *■~'7o 1, 

E — ca (T-J (,) 4 T 0 \ 

E — k (T-T 0 ) where k — 4c a 7' 0 3 . 


or 

E « ( T-T 0 ) ■ .(16) 

Which is the Newton’s law of cooling. 

Example I 

Determine the surface area of the filament of a 100 W incandescant 
lamp at 3000 K. Given <i =5.7 X 10“ 8 Wm -2 K~ 4 , and emissivity e of the 
filament - 0.3. 


Solution 

According to Stefan-Boltzmann law 
E = cA a J 4 

Where 

J 

E = Rate of energy emitted=l00 W 
A = Surface area 


Hence 


T = Temperature of the surface = 3000 K 
E 


A = 


o a T* 


100 


0.3 x 5 7 x 10“ 8 x(3000) 4 
A = 7 27 X 10~ c m 2 


m‘ 
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Example 2 

A pan filled with hot food cools Piom 365 K to 361 K in 2 minutes 
when the room temperntuic is 293 K, How long will it take to coo] from 
344 K to 342 K '> 


Solution 

Average of 365 K and 361 1C is 363 IC According to Newton’s law 
of cooling 


Change in temperature 
Time 


7’ 0 '; (How '>) 


...(16a) 


Change in tempeiatuie - (3 5—361) K — 4 K 
Tunc — 2 M mutes 

( 7-7; ) --- ( 363 - 293 ) K — 70 IC. 
Hence from Eq. 16 (a) 

K mm -1 = Constant x 70IC 

Again aveiage of 344 K and 342 IC is 343 K, Thus 
Change in tempcratuie = (344 — 342) IC 
--- 2 IC 

(T - T 0 ) = (343 ~ 293) K=50 IC 
2 

Hence —-K min -1 = Constant X 50 K 

Time 

from Eq. 16(b) and Eq. 16(c) 

t-. 70 . 

Time = q mm 


(16b) 


.(16c) 


- 1.4 in in 


Question 

Write down the factors upon which indialion emitted by a body 
depends. 
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problems 

1. The filament of a tungsten lamp radiates energy at the late of 
200 watts when operating at a temperature of 2500K. A sec¬ 
ond lamp operating at a temperatuie 3000 K radiates four 
times as much energy; compare the areas of the filaments. 

(Ans. 1.93 : 1) 

2. A copper block at a temperature of 373 K radiates about 0.03 
watt from each square centimetre of its surface. At a tempera¬ 
ture of 773 K how many watts will be radiated fiom one 
square cm area of it '? IIow many watts at a temperature of 
1273 K ? 

(Ans 0.54 watt/cm 2 , 4 watt/cm 2 ) 

3. The energy radiated by two black bodies are in the ratio 1:2. If 
the temperature of first body is 2000 K, compute the tempera¬ 
ture of the second body. 

An application of Stefan's law 

Stefan’s law can be used to determine the solar constants at different 
planets of the solar system. Let the radius of the sun be r, then total 
amount of energy e emitted by the sun in one second (assuming sun to be 
a black body) is 


c — (4 to 2 ) X ( ff J 4 ) ...(17) 

Wheie T = Temperature of the sun 
t = Stefan's constant 

Then the amount of energy E received per unit surface of the earth 
in one second is 
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Where R -- Distance between the sun and the earth. 



Eq. (18) gives the solar constant at the earth. If solar co'nstant'&'t 
any other planet, distant R' from the sun, is £', then 



From Eq. (20) it is clear that if £ and (R/R‘) are known £' can be 
calculated. The solar constant for the. cartlris fotmd to be 1,36 X 10 3 
Jm" 2 s“ l . The solar constant at mars whose distance from the sun is 1.52 
times that of the eaith will be approximately 6 X 10 2 [Using Eq. 

( 20 )]. 

5. Radiation pyrometers 

Stefan’s law, Wien’s displacement law, etc. can be used to measure 
the temperature of hot bodies. But.you must have realised that these laws 
are true only for-black bodies and actual hot bodies are seldom black. 



The instrument developed to measure high temperatures using emitted 
radiations is called a radiation pyiometei. A pyrometer differs from 
conventional devices foi measuring tempci ature like thermometer and 
thermocouples fiorn the following facts : 

(a) A pyrometer need not be kept in contact with the hot body 
whose temperature is to be measuicd. 

(b) With a pyrometer, although lowei piactical limit of temperature 
measurement is about 900 K, theie is no higher limit. 

Howcvet, a radiation pyrometer suffers fiom a serious draw 
back. It can measure accurately the temperature of black 
bodies only 

In Fig. 3, a typical radiation pyrometer due to ,Fery 
is shown, The beam of radiation from the hot body enters 
the instrument through the aperture AA. The concave mirror 



C converges the beam. The focussed beam is made to pass 
through a limiting diaphram D before it is incident on the ther¬ 
mocouple S. The emf of the thermocouple is measured by a 
milh-voltmeter. 
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One; ally pyuonclcr is used to measuic the temperature of non¬ 
black bodies, If, however, pyrometer is lust sighted on a black body at 
temperature 7j and }. v is the thermo cm/ produced (which is piopoitional 
to temperature difference between hot and cold junction of the thermo- 

couple), fiom Stefan's law, 

ih " (T^,:iV) .„(2i) 

Wlicie 7j, is the temperature of the pyrometer surroundings. The 
constant a depends upon Stefan’s constant and the absorptive power of 
of the thermo-junction, etc. 

Now pyrometer is sighted on a non-black body at temperatureTj 
(which js to be measured), Let the thermo cm/thus produced be E 2 
and c and i ' be the cmissivity and idlectivity of the non-black body 
respectively. Then again from Stefan's haw 

E 2 « a( (‘ c T f * -!■ r‘ Tf-Tf) .,,(22) 

(The second term of Eq, (22) shows that radiations at temperature T 0 is 
being reflected black by the non-black body). 

If we assume that the non-black body transmits vciy little, tlienr'~ 

( 1 — c c ), which gives. 

-si, 

E t ~a [e c (T/— V) ] ...(23) 

Hence from Eq. (21) and Eq. (23) 

E, (T/-T 0 4 ) 

E, c (T...(24) 
If e c of the non-black body is known, from Eq. (24), its temperature I s 
can be" calculated. 

Problem 

When a Fery total radiation pyrometer, in a room with surroun¬ 
dings at 300 It, is sighted on a black body at 500 It the deflection 
observed in the galvanometer is 5 divisions- When sighted on 
a non-black body (emissivity c c _ 0 3) thc deflec t ion is found 

to be 400 divisions, calculate the tempeiature of the latter. 
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ASSIGNMENT 


1 The operating temperature of a tungsten filament in an incan¬ 
descent lamp is 2450 K and its emissivity is 0,30, Find the 
surface area of the filament of a 25 W lamp. 

Ans. 4 X 10“ 6 m 3 

2. A solid cylindrical copper rod 10 cm long has one end main¬ 
tained at a temperature of 20 K, The other end is blackened 
and exposed to thermal radiation fiom a body at 300 K, no 
eneigy is lost or gained elsewbeie When equilibrium is 
reached, what is the temperature of the blackened end? Assume 
thermal conductivity equal to 0,92 cnl/cms K. 

Ans. 20 12 K 

3. At what wavelength does a cavity radiator at 300 K radiate 
most? Explain in brief the law involved. 

Ans. 9.61,u 

4. A cavity whose walls arc held at 6000 K. has a ciicular apeiture 

5.0 mm in diameter. At what rate energy will be escaping 
from the aperture. Ans. 1.4X1C 3 J 

5. (a) What is a pyrometer? How is it superior to other tempera¬ 

ture measuring instruments used for measuring high tem¬ 
peratures, 

(b) ‘Pockets’ formed by the coals in a coal fire are seen 
brighter than coal themselves. Is the temperature in such 
pockets appreciably higher than the surface temperature of 
an exposed glowing coal? 
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SELF-ASSESSMENT 


I. (a) Wavelength corresponding to E max of a star is 4000 A, co w . 

puts the temperature of the star. 

(b) The temperature of tungsten filament in an incandescent 
lamp is ?(K)fiK, find the sui face area of the filament of a 
?00 W lamp. 'I lie cnmsivitv of the filament is 0 4 , 

Given n 5.1 X 10 8 Jm' a ,s 1 K' 4 , 


2. A blackened solid copper sphere of 1 adius 2 cm is placed in 
an evacuated enclosuie whose walks are kept at 100°C. At 
what rate must energy be supplied to the sphere to keep its 
tempeiaturc constant at 127 C 

3. A cylindrical metal can 10 cm high and 5 cm in diameter contains 
liquid helium at 4's, at what tempeiaturc its latent heat of vapori¬ 
sation is 5 cal/p. Completely surrounding the helium can arc 
walls maintained at the temperature of liquid nitrogen (80 K), 
intei veiling space being evacuated How much helium is lost per 
hour ? Assume the emissivity to be 0.2. 


(u) Do all incandescent solids obey the fourth power last 
(Stefan’s law) of tempeiaturc ? Explain. 

(b) State KircholFs law. Discuss some applications of this law. 

(a) State the important facts, which one can obtain from the 
experimental study of the spectrum of black body radiation, 

(b) The relation E n T‘ l is exact for truely black bodies and 
holds for all temperatures. Can we use this relation as the 
basis of ajdcfinition.uf tempci-atwe?—— 

t , : * , ^ 5 \> v. ’vdtiCation | 

< r rat ion j 
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INTRODUCTION 


You must have observed water drops dripping from a wet cloth. 
You may also have observed the behaviour of mercury globules. In these 
cases one can find that liquid drops assume spherical shape. Naturally 
one might ask, why such tendency is there? There are a few other ques¬ 
tions like how does water surface behave when a needle is placed over it 
gently- In the present unit our endeavour would be to satiate such curio¬ 
sities You will come to know how surface tension can explain above 
mentioned tendencies. Also we will understand the nature of intermole- 
cular forces which are different from gravitational forces We call them as 
Van der Waals’ forces after the name Van der Waals who predicted their 
existence making some modifications in the perfect gas model about which 
you studied in previous units. Besides, laws of thermodynamics will be 
applied to the liquid films. 


OBJECTIVES 


To be able to 

1. Describe the nature of mtermolecular forces. 

2. Explain the formation of concave and convex mmiscus of 
different liquids under the action of cohesive and adhesive 
forces. 

3. Explain the ongin of surface energy and surface tension. 

4. Enunciate the dependence of angle of contact in terms of surface 
energy, 

5. Derive the relation for excess pressure for a surface film or 
liquid drop, 
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6 . Explain the phenomenon of capillarity and derive expression 
for capillary ascent and decent. 

7 Solve problems based on surface energy, excess pressure ntl( j 
capillarity, etc, 


SUGGESTED READING MATERIAL 


t. General ideas about intermolecular interactions 

In unit 10, you studied about the perfect gas model Following are 
the basic assumptions for such a model : 

fa) The molecules of a gas arc mass points occupying no 
volume oi negligible volume. In other words, the diameters 
of the molecules arc negligible as compaicd to the inter- 
molecular distance, 

(b) There is no force of intci action between the molecules of 
a gas. 

The equation of state for n moles of such a gas is 

P V — n R T ...(1) 

where the symbols have their usual meanings. As you know, Eq. (l) is, 
strictly speaking, not true for real gases. The equation of state for the real 
gases was put forward first by Van der Waals on the basis of the follow¬ 
ing assumptions which are antithetic to the assumptions written above 
(regarding a perfect gas model). 

(a) The molecules of a real gas are hard sphcies occupying 
very small but finite volumes. 

(b) A weak inter molecular force of interaction exists between 
the gas molecules which depends only upon the intermole¬ 
cular distance and not upon the orientation of molecules, 
the force being practically vanishing at distances several 
times the molecular diameter. 
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This intermolecular inteiaction, (which is also called Van der Waal s' 
force) exists not only m gases but also in liquids and even in some solids. 

It arises due to the inteiaction between permanent and induced dipoles 
(A. dipole is the combination of two opposite charges of same magnitude 
separated by a small distance as shown in Fig. 1). One pertinent question 
is how do we get dipole out of a neutral molecule? The answer, however, 
lies on the fact that the atoms in the molecule are noimally so airanged 
that the centre of mass of the positive charges does not fall exactly on the 

centre of the mass of the negative charges. Inotherwords.it is due to 

uneven distribution of charges on a molecule (Wc are not elaborating it 
further because you must have studied about it in chemistry.) The non- 
coincidence of two centies of charges gives rise to dipole formation. The 
dipole moment (a vector, directed from positive towards negative charge) 
0 for a dipole shown in Fig. 1 is defined as 

S = ?A1 ( 2 ) 


i i 



> 



+ q 


-- q 


Fig. 1 

Some molecules (like those of water) have permanent dipole moments, 
where as molecules of CO a , Nj, 0 3 , etc. have induced dipoles (i.e., only 
when placed in an electric field, dipole formation will occur). The dipole ■ 
dipole (permanent/ interaction is much stronger than inteiaction between 
induced dipoles. Hence molecules with permanent dipoles are normally 
gases (why ?). As already mentioned, Van der Waals’ interaction is due 
to interaction between dipoles (permanent-and induced), hence the inter¬ 
action is essentially electrical in origin. 

Now, given an assembly of molecules interacting via Van der Waals 
foice, the inteiaction should be such that it is attractive at large distances 
and repulsive at short distances otherwise the whole assembly will collapse 
to a point. Since attractive force should deciease very sharply with dis¬ 
tance of separation between molecules, it is convenient to consider a 
sphere of action around a molecule, and any molecule whose centre is 


3 



lying inside the spheie of action will exert some force over the molecule 
concerned. If the foice of interaction happens to be attractive, in taking 
away a molecule from the assembly, some work must be done which will 
be negative and this work will be stored up in the form of negative poten¬ 
tial energy. Similarly if foicc is repulsive, given a slight initial push 
molecule will get moved on it* own; hence work done or potential energy 
will be positive. This inter molecular potential eneigy V is a function of 
intermoleculai separation r, i e, 

V=V(r) „( 3) 

Thus, the mtermolecular force F defined by the relation F = — — 

dr 

could also be a function of r. In Fig. 2 we have shown the 
variation of V ( r ) with r. The minimum potential energy correspond to a 



particular intermolecular separation r a , where r 0 is found to be of the 
order of 10“ n m, We can also regard r 0 (~10 _0 m) to be the radius of 
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sphere of moleculai action. At this particular value r a , we get the most 
stable configuration. Of course, there exists another critical intermole- 
cularseparation r Q , if r > r c , V (r) — -|- ve. which implies that in this 

region interinoiccular force is repulsive. If r >r fi , V (/•) = — ve which 
co fffiS ponds to attractive intermoiecular force. In case of attractive inter- 
molecular interaction F (r) I/r\ Whereas in the repulsive case F (r)« 
;y r 8 which shows in this region F (r) decreases still more rapidly. 

The combination of the intermoiecular forces and the thermal 
motion gives rise to three different states of matter. In case of solids 
attractive forces arc strong and thermal agitations cannot tneak the 
bonds, between the molecules; whereas in case of fluids attractive forces 
are weak, and consequently molecules are more free. 

Questions 

1. How does the intermoiecular potential energy vary with inter 
molecular separation r for r <r c and r ? 

2. If the curve V (r) vj r is symmetric about r„ as shown in Fig. 3, 
what would be the consequences ? Explain* 
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2 Cohesive and adhesive forces 


The intermolecuhu force of attraction between identical molecules 
is called cohesion, wheieas attiaction between dissinnlai molecules is called 
adhesion, e.g sticking of watei into glass If the foicc of cohesion is 
gicater than force of adhesion (e g , tncicuiy) fiee surface of the liquid is 
convex. Whereas, if force of cohesion is less than force of adhesion (e.g,, 
water), free surface of the liquid is concave. In case of liquids, it is the 
force of cohesion due to winch liquids can maintain definite volume, 
whereas in case of gas or vapour cohesion is piactically ml. This is why 
liquid molecules on being heated, get sufficient kinetic energy to oveicome 
the foice of cohesion (01 intermolecular binding energy) and gets trans¬ 
formed into vapour 'Ilius knowing the latent heat of vaporization one 
can calculate the intermolecular binding energy. Given below is a solved 
example to illustrate this fact. 

Example 1 

Calculate the inteimolecular binding energy of liquid helium at 4 K 
whose latent heat of vaporization at that tempeiature is 5 cal/g (Given 
N = 6 X 1(F) 


Solution 

Molecular mass of lie = 4 

Number of molecules in 1 g of liquid He 

6 x 1(F 
"" 4 ' 

= 3/2 X 1(F 

Energy required to unbound n molecules of He 
=-=- 5 cal = 5 X 4.2 J = 21 J 


Thus intermolecular binding energy is 
21 


3/2 X 1(F 


r, J “ 14 X 10~ 23 J 


■= 1.4 X 1CT J2 J 
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problem 

Calculate the uitcimolecular binding energy of water molecules, 
where latent heat of vaporization is 540 cal/g tGiven N = 6 X 10 S3 ) 

3, Surface tension 

All liquids tend to maintain a characteristic spheiical shape Why 
so? A needle placed gently over the surface of a liquid floats although 
density of the material of the needle is much higher than the density of 
the liquid. Or, how does a bug float on water '' In order to give satis¬ 
factory answeis to above questions we must undcistand the origin of a 
force called surface tension. A concise discussion is given below 

Consider a molecule in the interior of the liquid and also the sphere 
of molecular activity around it If centres of other molecules lie within 
the sphere of action, they will exert some force of inteiaction over the 
molecule under consideration. But since forces are acting in all directions 
as shown in the Fig, 4, they will nullify each other, 



Sphere of action 


Now consider a molecule at the surface and a hemisphere of mole¬ 
cular activity around it. The force acting upon the molecule can be re¬ 
solved along X and Y axes. The components along -]-ve and — ve 
directions of X axis will counter balance each other, but components 
along Y axis will remain unbalanced. Hence in order to carry a molecule 
from the interior to the surface, some work is to be done against these 
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unbalanced components. This work will be stored up m the liquid 
surface in the form of surface potential energy I.S P.E ). Since from the 
fundamental punciplcs of physics, we know that potential energy tends to 
acquire a minimum value hence surface potential energy will try to acquire 
a minimum value. Due to this reason, liquid will try to maintain mini- 
mum surface area, This tendency of the liquids to maintain minimum 
surface aw a can be explained by assuming the existence of a fence acting on 
unit length of (lie liquid boundary tangential to the liquid sui face. This 
it /mown at force of surface tension. Since it is force acting on unit 
length, the dimensions aie ML n I'' ! and unit is NirT 1 (SI Unit), 

Now we are in a position to answer the various questions we raised 
earlier. All liquids show a tendency to assume sphencal shape because 
the geometrical shape that has the least suiface area for a given volume is 
a spheie, so the liquids come as close as they can to assume the form of a 
spherical diop. The departure from the spherical shape is due to weight 
of the di op and the force of adhesion, if any. 

A thin coin placed gently over a liquid surface keeps on floating be¬ 
cause it is in equilibrium under the action of three forces, vi/-. weight of 
the coin IV, surface tension <r and the up-tluust of the liquid displaced by 
the coin B. In the Fig. 5 we have given a Font view of the situation. 



W 


Fig. 6 

If 0 is the angle between the direction of the force of suiface tension and 
the vertical and risthe radius of the coin, then force due to surface tension 

F = 2 it r a cos 0 ...(4) 
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-(5) 


For the equilibrium, of course 

W ~ B ( 2 - r n cos 0 

Questions 

]. How does a bug float on water '' Explain qualitatively. 

2, A peison can float ovei the water surface of DE\D SEA by 
keeping himself flat, why ' 

(Hint : the water of Dead Sea is extremely saline) 

4, Surface energy 

As you have seen in the preceding section, work has to be done to 
bring a molecule from the inter ior to the surface. Thu*, if we want to 
create a surface, work has to be done for increasing the number of mole¬ 
cules on the surface The energy required to create a liquid surface like 
this, is called the surface energy. Let us calculate an expression for the 
surface energy. Let us take a icctangular frame of wire A BCD (Fig. 6). 


A D 



Fig, 6 


The aim CD of length l can slide. Now the fiamc is carefully dipped into 
usoap solution, so that a rectangular film ABCD is formed on the frame. 
Let cr be the sui face tension of the liquid, then foicc acting on the arm 
CD is 


F - all 
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(A numerical factor 2 is in (induced because we have two surfaces 
viv. front and rear.) If CD slides to new position C'D' by a distan ' 
fjv, then increase in the suifacc area of the film will be 

AA =- 2 I Aa m {1) 

The work done in creating the new surface A A is given by 

A fV - F A.v 
=» n 2 1 Av 
- cr A -1 

.,( 8 ) 

This is the expression for work done (surface eneigy) in creating a 
new suifacc Eq. (H) gives us yet nnothei definition of surface tension, 
One can defwc surf cue tension a of a liquid also as the surface eneigy pa 
unit area Although the dimensions of nr defined in the fashion will still 
be ML°r*, but unit will be J/nr. 

Question 

How will you measure the force acting on the moveable arm CD? 
Explain. 

On the basis of the concept of surface energy we will try to show 
why do two or more liquid drops (say of Hg) when brought in contact, 
form a single drop. As you know configuration with minimum suiface 
energy is the most stable configuration Hence in this case, if we can show 
that the union of liquid drops results in decrease in surface energy, our 
problem will be solved. Let us consider two drops of radii /'i and r 2 of a 
liquid of suiface tension a. Volumes of the drops are (4/3) Wj 1 and 
(4/3) 7T r a a respectively. Their surface areas aie 4 nr i 2 and 4 tc rA respec¬ 
tively The total surface energy before union is, obviously, (4 
+ 4rc i.f a). Let us suppose after the union, radius of bigger drop is il, 
Then 

—rr R* ~ ~ir O'/' 1 -I- >■■/) 
or 

R = (/q 3 + ••■(9) 
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Surface energy of a single huge drop after union is 
E = 4tt R" a 
~ 4 no (r x 3 t- r* 3 ) 3 ' 3 

wheieas, total surface energy before union is 
E' — 4 n (rj 2 4- r 3 ■) a 
Let us now take numeiical values, e.g. 
r! - 1 cm, / 2 = 2 cm 
£ = 4no{P + 2 *) 2/3 
=■ 4 v a 9 s/s 
= 4 r sc X 4.3 
E‘ = 4 it <r (7 3 + z 3 ) 

— 4 n a X. 5 

You can clearly see that £' > £ ■ which we wanted to show. 
Example 2 


...( 10 ) 

-..( 11 ) 


Ifn small drops of water, of equal radii R, coalesce to form a single 
big drop of radius R u show that rise in temperature is given by 



Whcic p =■- Density of water 

cr -- Surface tension of water 
J — Mechanical equivalent of heat 


Solution 

Due to composition of n drops to form a single drop decrease in 
surface area 


== 4 7i R 2 n — 4 ra Ri 2 
~ 4 V.(liA * -r._R.ij.)-- 


Eneigy relea:ie&^^i^?l ! iJ Lit 1 .cation 


Heat pioduc 1 


Unit (RCfilw.) 




\ 




Problem 

A lipmd ili up of di.mick'i D bienks into 27 into drops Find the 
result.ml cli.uov in ciietgy. Ans : In Dh 

5, Anglo «»i" < t 

Consul*, i ,1 liquid kepi m a contains Ncai the liquid miniscuson 
the walls i t ip. 1 • llnee mii fete lilni.s aicfoinied, viz liquid-vapour, 
solid- vapour, and solid-liquid 



Fig. 7 


(a) (b) 

Tin tie surface films alone wtili angle of eon last 0 me shown for (a) concave 
miniscus and fb) convex mmiscus liquids 
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Let ffsv = surface tension for solid-vapour film; <j S l = surface 
tension for solid-liquid film, and rr LV -= surface tension for liquid-vapour 
film. 

We define the angle of contact as the angle between o LV and ff S L, 
or 

It is the angle between the tangent planes to the liquid surface and the 
containing wall surface at the paint of contact. 

Now consider a system of a solid S and liquid L. Let <jsl be the 
surface tension of solid-liquid film (i e., equal to S,P,E. per unit area for 
S and L). If now S and L are separated and there is a thin layer of 
vapour V in between as shown in Fig, 8 some amount of work has to be 



Fig 8 

done. If iPsL is the work done per unit area, then from the principle of 
conservation of energy the initial energy of the S-L system plus the work 
done must be equal to final energy of the S-L-V system. Thus 

osl -F IVsl — °sv + °lv ...(12) 

We isolate a small portion of L-V, S-V and S-L films, at their 

junction as shown in Fig. 9. The isolated portion will be in equilibrium 

undei the action of fourfoices. Three of which are surface tensions of 

the thiee films, the fourth one F is the adhesive force between isolated 

a 

poition of the film and the wall. Thus we have 



<Ti_v sin 8 = Fa 

...(13) 


Cql GLV COS 0 =• dsv 


which gives 

CTUV COS 0 = CSV — USL 

...(14) 

From Eq. (12) 

WsL — ^LV ~ «SV — °SL 

...(15) 
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liquating L.It.S. of Hq (H) and Eq. (15) wet get 

II 01 ' rI uV “ <5L V rW$ 0 

H su a,.v Cl coj U) 

oi H su /olv - (1 + uoi 0) „.(16) 


Case 1 


If H’sl > fJLV ; C 1 i- cos 0) > i 

cos 0 > 0 

co,i D > cos 90” 

or, 0 < 90° 




Fig, 9 


Thus in this case angle of contact is acute. 

In case of water, since force of adhesion is greater than two forces 
of cohesion, the work done in removing unit area of watei surface from 
the glass surface Wsi is more than the surface tension of water-vapour 
film rruv. Thus angle of contact will be acute and nriniscus of water will 
be concave as shown in Fig, 7(a), 
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Case it 

If IksL < °LV ; 1 -I- COS 0 < 1 
cos 0 < 0 

cos b < cot 90° 

or, 0 > 90° 

Angle of contact is obtuse. 

In case cf meicury, since fo rcc of cohesion is gieater than force of 
adhesion, Iksv Will be smaller than o L v . Hence angle of contact will be 
obtuse and miniscus will be convex as shown m Fig 7(b). 

6, Effect of detergents on surface tension and angle of contact 

Let us now discuss the effect of detergents on the surface tension 
and angle of contact. By now you are in a position to understand that 
low value of surface tension of a liquid implies low suiface eneigy which 
in turn allows liquid to penetrate into narrow spaces or pores. The 
surface tension of watci is about 75 8 X 10' 3 N/m at 0°C and decreases 
by 0. 1 52X10 -3 N/m for each degree rise of temperature (which is 
relatively higher because even mercury has S.T. equal to about 547 X 1CT* 
N/m at 17.5°C). If, however, detergent is added to it, the surface tension 
is lowered, simply because addition of detergents lesults into liquid spread¬ 
ing out as a thin film, which menus surface energy as well as surface 
tension is lowered 

That is how aqueous solutions of detergents ensure cleaning pro¬ 
perty because solutions can seep into fine poies where water could not. 

It is clear from Eq, (13) that when detergent is added olv is 
lowered, consequently sin 0 musl increase in order that sticking force F' 

is increased. This implies that angle of contact 0 must increase due to 
addition of detergents to water. Same will be the case for liquids like 
mercuiy 

Question 

Why is it that a coin may float on clear water but will sink when 
some detergent is added to water ? 

Answer 

Why does a coin float on clear water has already been explained 
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(Ref. Eq. (5)), From Eq. (5) 

ir - B !- (2 r. r cos 0) cr 

Wc have .seen addition of detergents results in increase in 0, and 
decrease m cos 0, hence (B + 2 cos 0) < W when detergent is 
added. Thus the coin sinks, 

Questions 

1, Explain why U ; c )0° for water and 0>90° for mercury, in terms 
of csv and <7 sl (Hint : Use Eq (14) ). 

2. Explain clearly why should angle of contact for Hg increase 
due to addition of foreign elements into it, 


7 A simple method for the determination of angle of contact 

A glass plate is dipped in the experimental liquid as shown in 
Fig, 10. A beam of light is allowed to failover the glass plate; the 
incident ray being vertical. Now the inclination of glass plate is so 
adjusted that reflected ray is also vertical The liquid surface is horizontal 
at the point of reflection as shown in Fig. 10(a) and Fig. 10(b). The 
angle of contact is the inclination of the glass plate with the horizontal. 



Fig. 10 (a) 


Fig. 10 (b) 


Questions 

1. A large air bubble is trapped inside a liquid as shown in 
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fig. 11 (a). Identify the angle of contact. Should the angle of 
contact be acute or obtuse ? 



2. A liquid drop is placed over a glass plate as shown in 
Fig. 11(b). Is the angle of contact acute or obtuse ? Justify 
your answer. 


I_ 



1 iquid dfcp 


J " >• ( ilass plate 


Fig. 11 (b) 


8, Pressure difference across a surface Him 


Whenever the suiface of a liquid or surface film is curved there 
exists a difference of pressure inside and outside the surface. If the inside 
pressure P in is greatei than the outside pressure P ou t, the liquid surface is 
convex as shown in Fig. 12(a). If the P, n is less than Pout j the liquid 



iHll 

V 

A 


*•- UP w c 


X 



p 


in 


Fig. 12 (a) 
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xuiface is concave as shown in [ in. 12lb) In here, we want to calculate 
tbe difference of pressure (P P , n — t ) Let us consider a spherical 
drop of a liquid of ladius R. Due to the spherical shape there will exist 



1-ig 12 (b) 

excess pressure inside theliquid as compared to outside atmospheric pres¬ 
sure. Let the excess pressure be P. Let us enlaige the liquid drop from 
radius R to R-\ clR. The surface area of die diop incieases fiom S to 
S+dS. 

Since 


S^4kR 2 ...(17) 

and S + cIS = 4tt (R + dR)~ ...(16) 

dS =~ 4k (R -I- dR? - 4u R* 

- 4k ( R 5 + (dR) 2 i- 2 RdR) — 4 k R 2 ...(19) 

since dR is Very small, (dR) 1 can be neglected. 

dS = Sir R dR ...(20) 

From the definition of surface tension, the work done W in increasing 
this surface area will be 


W — a dS SKlivdR ...( 21 ) 

This work done W can also be calculated by multplying foice with 
distance But force F is pressure limes area, i.e. 

F P X 4it R* .. (22) 
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Hence work done 


W =- V X (JR 

I V — 4k PR 2 JR ...(23) 

Equating R H.S of Eq. (21) and Eq. (23) we have 
8 n R rr ,//\ - - 4 ts PR 2 JR 


Hence, P — - .. (24) 

It follows from Eq. (24) that if n is a constant, the piessure 

difference is veiy huge foi small mdius R of the drop. Due to this large 

internal pressure, liny log drops have rigidity properties like those of 
solids. 

NB For single spherical sutface, ic, spherical air bubble inside the 
liquid or a spliei icnl liquid drop, Pis given by Eq. (24), however, foi 
double sphei ical suiface, viz front and icar surface, (c g , for a spherical 
soap bubble) ]> is given by 

P -- 4 n/R ...(25) 

Question 

How do the ice skatcis slide over the surface of smooth ice ? 


Example 3 

What would be the gauge piessure inside an air bubble of 0,2 mm 
radius situated just below the surface of watei ? Surface tension of water 
is 0,07 N/m. Atmospheric pressure 1.06 X 10° dynes/cm*. 

Solution 


Let, gauge pressure — P^ mf ^ c , Atmospheric piessure = R a(m 

Pressure diffeiencc P ----- P — P 

gauge atm 

■ P - 1.06 X 10 B N/m 3 
gauge 


Also P 


2 a/R 

2X0.07 
0 2X 10' 3 


N/m 2 = 


14x10"* 
' 2 X Kf 1 


N/m 3 


= 7 x 10 2 N/m 3 
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( r i l.dn Id'’ N/m 3 --7 X 10= N/m 2 

goi/tfe 

P (1 flu UP i 7. 10=) N/m 2 

- 1.(167X10* N/m 2 


Examplc 4 

A ll-tubc (lug, 13) is such that the ilia meter r»f one limb is 0.4 mm 
and that of the othci is O.K mm Find the ihfieicncc in the level of water 
in the limbs. (Given a (1.07 N'nv* . g 10 m/s 2 1 


/ 


r t 

i 

v 

i ! 

I* r / 




Solution 

Pressure at A, 




,Ri 

A 

! 

Jh 

I 

Si 


Fig. 13 


2 (? 

Xx 

_ 2 Ji.°v9. 7 . N/ m a 
2XlO~o ' 

7 X 10* N/m 3 

2a 2X0.07 


I R ! 


/ 

4—* I 


Sr '-f 


t * r " 

» 1 

i V 


N/m a « 3.5 X 10= N/m 3 


Pressure at B. P B - ^ 4 xl0 * 

! Pa— Pb = h ? g •> h ~ DilTerence in the level 

7X10* N/m a —3.5 X 10 2 N/m 2 =/jXl0 3 kg/m s xl0 m/s* 
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3.5X lO s m= h X 10' 


h = 


3.5X 10 2 
10 4 ~~ 


ni “3-5 X 10“ 2 m 


; - 3.5 X ](T 4 m 


Example 5 

Inside a liquid, an air bubble is formed as shown in Fig. 14. Set up 
a relationship between gauge pressure P g £ , radius of the air bubble f> 

surface tension a of the liquid, density of the liquid p and depth of the air 
bubble x. 



Solution 


Excess pressure = P 

gauge 



But Pa = * P S + P afmm 

(Where p = Density of the liquid) 
P = Atmospheric pressure 


Hence 

2cj 

Pgauge ~ f x P ^ Patm ) ‘ r 

This was the relation to be set up. 
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problem 


A glass tube < f 1 mm boie is dipped vertically in a container Q [ 

mercury with its lower uid ? cm below the mercury suiface. What rm® 

be the gauge piessure of air in the lube to blow a hemispherical bubble at 

its lower cud ! (liven, r * of II;: ’ <1 5 N'm, density p of Hg = 13,6 g ,j K 

P , - 1 .Oh UV* N m ? . and i’ IDnrv. ’’ 

atm 

9, Capillarity 

Wc have seen that ncai the wails of a containei a liquid like water 
rises and a liquid like mcrcuiy falls If a capillary tube is dipped inside a 
liquid like vvatci it rises (I-m 15^a i 1 11 side the capillary tube, whereas for 
a liquid like mciuny the liquid fails !l ig 15 (hi) This phenomenon is 
called captllaiity (Capillary ascent ot decent) 

Let us cnnsidei the c ise of capillaiy ascent as shown in Fig. 15(a), 
We want to set up an expression for the surface tension n of the liquid in 
terms of rise of the liquid It, radius of the capillaiy tuber, angle of contact 
0 and density ol the liquid p 

, 1 0 



Fig. 15 (a) 

The liquid column of height h is in equilibrium, hence upward force 
must counter balance downward force. The force acting in the vertically 
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upward direction is the component of the force due to suiface tension, i.e. 
(2jtr a cos 0). The force acting in the vertically downward direction is 
the weight of the liquid column 



lH'T< .JTY - ' 'l 

~ ' l 

Fig, 15 (b) 

For the liquid column of height /;, weight would be (tc /- s h p g). But 
since height is measured from lowest point of the concave miniscus, we 
have to consider the weight of the liquid in the shaded part of the Fig. 16. 
Volume of this shaded portion is appmximately equal to the volume of a 
cyhndei of height r minus volume of a hemisphere of radius r. And its 
weight will be (m a r— (2/3) /■*) p g — (1/3) re r a p g 



Fig. 16 
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1 hut,, total force in the vertically downward direction 
m “ h p K i- i ~ i 3 p g 
- ~ " (h ) h i) p g 

Total foue m the vertically upward dueciion 
2 iiro cos 0 


...(26) 


Equating R.H.S. of Eq. (26) and Eq, (27) we get t<i ^ 7 ) 

2 n i n cos 0 -- ;r r 1 (/i 1- /) p g 

a .. r ? sS h H/.J 

2 cos 6 ...(28) 

Foi distilled (pure) water angle of contact 0—>O and since radius of 
the capillary tube r<< />, one can write Eq (28) as 

P *- i h r P g ,..(29) 


Eq. (28), gives us a method to detei mine the surface tension of a 
liquid if angle of contact is known. The rise of liquid in capillary and the 
radius of cnpillaiy are measured with the help of a travelling microscope. 
Bcfoie performing the experiment the tube must be thoroughly cleaned. 
It is due to the phenomenon of capillarity only that oil rises in a wick 
lamp, ink is absorbed by a blotting paper and so on. 

Question 

1. If one wants to determine the surface tension of a liquid by 
the method of capillary rise, one should clean the capillary 
tube thoroughly before performing the experiment Why ? 

2. If the height of a capillary tube is less than the height given by 
Eq. (28), will the water come out in the form of a fountain 
through the other end of the capillary ? Explain. 

Example 6 

Derive Eq (29) making use of the formula for excess pressure given 
by Eq. (24). 
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Solution 

As shown in Fig. I7(a>, prcssuie at A, P A = pressure at C, P c 

= Pressure at D, Pd 
= Atmospheric pressuic. 

P A — p B -_■= (Pressure at the concave side) 

— (Pressure at the convex side) 

— Excess pressure 

=» 2 a/R -(i) 



Fig. 17 (a) 

Where R is the radius of the suiface which is assumed to be spheri¬ 
cal and in Fig. 17(b) it is AB. Let r be the radius of the capillary tube 
which is OA in Fig- 17(b), since in A OAB 


OA = AB cos 9 


r == R cos i 
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Fig. 17 lb) 


Now Pa — Pa — Po — P a •••(iii 

But P D — Pa ~ h P 8 -(iv) 


p being the density of the liquid. Substituting (i) and (iv) in 
(iii) wc get 


a - 4 // R p g 
But From (ii) 

R ~ rjeos Q 


Hence 

<7 


1 hr Pi? 

2 cos 0 


For water as 0-> 0, cos 0 -+ 1 
« = i hr p g 
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Example l 

AU-tube consists of a horizontal limb and two vertical limbs. The 
diameters of vertical limb-, arc 1 mm and 2 mm respectively Find the 
difference of levels in the liquids if 

Sui face tension n 500 dynes/cm 
Angle of contact 0 •- MO" 

Density of the liquid p =. 13.5 g)cc 

Solution 

Let Ri ami R-> be the rad.i of the sphencal liquid surface in the 
narrow and broad limbs respectively (I ig. IK). 



Fig. 18 


If P A , Pb, Pc and P D are pressures at points A, B, C, and D 
respectively 

P B — p A Excess pressure = 2 o/i?i 
P D __ p c .= Excess pressure = 2 e/I? a 

(Pb ~ Pa)-(Po~Pc) = 2 «(-£■— 

( Pb — Pd ) "b (Pc — Pa) — 2 ) 

But Pa — Pc 
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P B — Po «=■ h P g 
Hence hp* “ 2 « (i, ) 

Ti =» Radius of the narrow limb 


O' =180 — 0 (angle of contact) 
Thus as shown in Fig: 19 
ri = R\ cos O' 


or 

1__ cos 0 ' 

Ri r t 

Similarly, let r 3 = Radius of the bioad limb 

I _ cos O' 

V?a f 2 

Hence h p g = 2ct ( -~- 0 ' - co .l-°\ 


But O' 
Hence, h 
h 


h " ^ a cos O' ( * 1 N 

P # \ 1 1 r -i ) 

180° — 0 — 180° — 140° -- 40° 

2 X 500 X c o v 40°/ I_IN 

13.6X981' UH)5 0.1 J cm 
0.57 cm 
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ASSIGNMENT 


], (a) Why docs a diver dive down the water surface keeping 

himself vertically downwaid ? 

(b) What will happen if detergent is added to water on which 
needle is supported ? 

(c) Why do two drops when brought in contact, form a single 
drop. 

2. If the variation of surface tension with temperature t is given 
by the formula 

o (t) ~cy 0 (t —a t) (which shows S.T. decieases with temperature) 
« = coefficient of S, T. for the liquid. 

a a = S.T. at 0°C of the liquid. 

Then show that total energy/unit area of the liquid film (S. P. E. + 
Energy absorbed/unit area during isothermal expansion) is independent 
of the temperature over a wide range. 

(Hint : A Cainot cycle should be operated upon and work done 
during isothermal expansion equated to surface tension 
tunes change in area.) 

3. (a) By means of a sprayer a water drop of radius 1 mm is 

broken into 1 million drops of same size. If the a of water 
is 75 X 10“ 3 N/ni, calculate the amount of work done. 

Ans. 9.4 X 10 -8 J 

(b) Find the pressure difference between inside and outside of a 
soap bubble of diameter 4 mm. (c for soap solution = 
1.6 N/m). 

Ans. 3.2 X 10 3 NnT 1 . 

4. (a) A U—tube consists of a horizontal limb and two vertical 

limbs. The diameter of the vertical limbs are 1mm and 
2mm respectively. Find the difference in levels of the liquid 
in the U—tube, Given surface tension of the liquid = 50 
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INTRODUCTION 


You might have watched the flow of water through a drain charac¬ 
terized by local circular currents, a rather unsteady type of flow. This 
type of disorderly and irregular flow usually occurs when the rate of 
flow is rather high. However, if the rate of flow is small you may have 
noticed that flow becomes order ly and steady. In the present unit you 
are going to study about these two types of flow, viz, orderly and 
disorderly flow, in brief about the dynamics of fluid. In the preceding 
unit you studied about a property of liquid (only), namely surface 
tension The frictional resistance to the flow of a fluid moving in layers 
is yet another important property which causes disorderly flow, More 
about frictional resistance (viscosity) is to be studied in this unit, Here 
you will also learn the principle involved in the lift of an aircraft wing 
and many other phenomena such as ihe operation of a device whereby 
squeezing the bulb you spray scent, and deviation of spinning cricket 
ball from the usual trajectory of a spin free projectile. 


OBJECTIVES 


To be able to 

1, Differentiate between streamline and turbulent motion of 
fluids, and determine the factors upon which critical velocity 
depends. 

2, State and prove Bernoulli’s equation 

3, Explain some practical applications of Bernoulli's equation and 
solve related problems, 

4, Explain the origin of viscosity and state Newton’s law of 
viscous flow. 


5. Deduce, and apply Stokes law, 



SUGGESTED READING MATERIAL 


1, Streamline and turbulent motion 
Streamline motion 

Let us consider a tube (Fir 1) through which fluid particles of 
velocity less than 0.01 m/s flow. Consider a point A. No matter which¬ 
ever particle passes through the point A, if it has the same velocity v A 


A' 


A 

s- 



A" 



I IS- ! 

then the flow is steady. Thus in this case when one particle leaves A with 
velocity v A , it i« followed by nnothci particle which also passes through 
A with velocity v A . Consider any other point B 1 he particles passing 
through B will always have velocity v D and so on. It is not neces¬ 
sary for these two velocities i’a and r B to he equal. The paths, e.g, 
A’AA" followed by liquid particles in this case arc called streamline. 
Obviously a streamline is parallel to the velocity of fluid particles Now 
we are in a position to define steady (or .streamline) motion. Winn a fluid 
is allowed to flow through a narrow tube .such that each particle of the fluid 
moves along the same path as its preceding pm tide the motion is said to be 
orderly or streamline motion. 

Question 

Can streamlines cross each other ? Explain. 

Turbulent motion 

The streamline motion occurs for lowiatcs of flow, i e. when the 
velocity of flow is below a certain limiting value called the critical velocity 
vc. When the velocity of liquid reaches beyond the critical value, tie 
motion becomes unsteady; the liquid no longer flows in a ie P a 
manner but flows in a sinuous course from side to side t f the tu c. 
type of motion is called turbulent motion. In this case random, irregula , 
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local circular currents called vortices, develop throughout the fluid. The 
resistance to flow increases tremendously. 

An expression for the critical velocity v c has been obtained exper; 
mentally 



where p is the density of the fluid flowing through a pipe of diameter D 
and i] is the coefficient of viscosity of the liquid (about which you are 
going to study\ N is a constant called Reynold's number. The flow of fluid 
is said to be streamlined if 0<Af<2000, for 2000</V<3000 the flow is 
unstable and may switch over from one type to another. For '//>3000, 
flow is turbulent. Since N is a pure number its value is same in any 
consistent set of units. 

Let us deduce Eq (i) by dimensional method 

Let the critical velocity v Q « n a 



Thus v c = constant X/)° D c 
Dimension of T~ 1 

hence M*t T'^constant X[A/L _1 T^f X [ML~ s ] b X [L] C 
M°L r _1 = constant X [M] a+b [L]~ a ~ 3 b +c [T]~ a 


Equating the powers of M, L and T we get 
a+b=0; — ct~3 b-\-c=l)~ 1= — a 
or a-=I; b-= — 1: c= —l 

Thus 


v c = //X(v)/pD) 

where the constant N is the Reynold’s number. 
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Question 

Estimate the critical velocity v c for N—2000, of a liquid passing 

through a pipe of diameter 2.5 cm. Take p = 0.85 g/cm*, yj=o 0005 
N m" 8 s. Ans: 0.47 cm/s 

2 . Bernoulli’s equation 

Present in every fluid aic frictional forces which ofler resistance to 
its flow. But many physical phenomena cun be explained qualitatively 
and to a good approximation, when wc make our task simpler by 
neglecting the effect of frictional resistance. A fluid fiec fiom frictional 
reustance will be regarded us an ideal fluid It is analogous to perfect 
gas model where we ignore the small but finite foices of inteiaction 
between the molecules, Consider the flow of an ideal Jlvid through a pipe 
(Fig. 2). 


A 



Let heights, areas of cross-sections, pressures and fluid velocities at ends 
A and B be represented by h lt a,, pi, v lt and //a, «a, pi, i' 8 respectively, 
During a small time At, fluids in A and B are pushed through distance 
v'i A t and v*, A t respectively, 

At A, work done on the system is 

W / i=ForceX Displacement 

^-p 1 a L xv l At •■■( 2 ) 

At B, work done by the system is 

IF a =Force X Displacement 

—pi Ox X v x At •••$) 
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Hence, the net work done by the fluid pressure is 

W=W l - HA pi fl 2 v s A t—p, a,. v 2 A t ...(4) 

Since there is no accumulation of liquid anywhere inside the pipe 
the amount of liquid entering into the tube in a given time At must be 

the same as the amount of liquid leaving the pipe during the same time. 

Total volume V of the liquid entering or leaving is 

V >'i A/—Ogi'j, At ..•(5) 

Eq, (5) is called the equation of continuity. 

The mass of this fluid of volume V and density p is pF. 

Substituting from Eq. (5) in Eq. (4) we get 

fF= (/>,-/>..) V -(6) 

Now net change in gravitational potential eneigy, when the fluid of 
mass pF moves from A to B is 

p Vs Vh—lh) "'W 

We know that when work is done on an element of mass p V, its 

kinetic energy changes. The principle of conservation of energy gives 

Change in kinetic energy=Change in gravitational potential energy 

+Woik done by the fluid pressure, 

i pF (v 2 s ~Vj. a ) = p V g (/?!—/i 3 ) -E(/7 i —V "-(S) 

Dividing throughout by p V, we get 

1 (v 2 a —Vi 3 )=g (hi— hJ+(pi—PtV9 
On rearranging the terms 



We define pi? as pressure energy per unit mass, { v 4 as kinetic energy 
per unit mass, and g h as gravitational potential energy per unit mass, Eq 
(9) clearly shows that the sum of these three quantities is constant This is 
Bernoulli's equation which state's that for an ideal, incompressible fluid 
flowing in the foim of streamlines the sum total of kinetic energy per unit 

mass, potential energy per unit mass, and pressure energy per unit mass is 
constant. This is merely a consequence of principle of the conservation 
of energy. 

If Eq, (9) is divided throughout by g we get 


or 


* +i : +*■ 


PS 


£2 , v£_ 

98 2 g 


-I- /i a 


P q. _L /, = constant 
P 8 2g 


.,.( 10 ) 


It is easy to check that all three terms present in the L.H.S. of 
Eq, (10) have the dimension of length: that is why they are called heads', 
pjpg is the pressure head, v s /2g is the velocity head, li is the gravitational 
head. 


Thus from Eq. (10), one can state Bernoulli's equation in a slightly 
different way as follows: 

For an ideal, incompressible fluid, flowing in the form of streamlines, 
the sum of tlw pressure head, the velocity head and the gravitational head is 
constant. 

Looking at Eq, (9) or Eq. (10) one can easily infer that where the 
velocity is high, the pressure is low and vice versa 


Example 1 

The velocities of a fluid at the entrance and exit of a horizontal pipe 
of uniform cross section are 0,1 m/s and 0,2 m/s (Fig. 3) respectively, 



, I 

y_ 


Fig, 3. 
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9l ermine the piessure diifeiencc in terms of height of the mercury 
column Take £ — 10 mj s 5 (Given density of fluid = 0 8 g/cm 3 ; 
density of mercury=13.6 g/cm 3 ) 

Since the ends A and B arc at the same height Bernoulli’s equation 

gives 


- A -1 1i’a s 

— I 1 ,, 2 

-=— r \ i b 


P 

P 



•J P (l’B 5 — >’A J ) 

...01) 


If h =Height of the Hg column corresponding to pressute difference 

(Pa~P b ) and c/-=• Density of Hg 
then 

Pa — Pb = h cl s 
Using this in Eq. (11) we get 

'■= i &•’-»■> 

0 8 (0.04-0 01) 

2 x 13. 6 x 10 m 

=9X10 "m 


Example 2 

At what speed will the velocity head of a stieam of water be equal 
to 40 cm of Hg ? 

Solution 

V 2 

Velocity head = — 0.4 m 

Take g — 10 m/s a 

v 2 = 0.8 X 10 m B /s a 
v = a/ 8 ~ m/s=2.8 m/s 
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Question 

If a small table tennis ball is placed in a vertical jet of air or water 

(Fig. 4) it will rise to a given height above the nozzle and stay at that 

level. Explain 


B 



3, Applications of Bernoulli’s equation 

The pitot tube 

It is a device to measure the velocity of an aii craft. It is mounted 
over the aircraft as shown in Fig. 5. At A, velocity of the air coming in is 
zero; whereas at B velocity of air be the same as the velocity of aircraft 
v relative to air. 
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problem 1 

Apply Bernoulli’s cquatu n at A and B to show that the velocity 
of the aeroplane ts 

-V 2 '? 

where d is density of mercury and p is density of air. 

Problem 2 

A pitot tube is mounted on an aeroplane wing to measure the speed 
of the plane (Ref. Fig. 5). The tube contains alcohol and shows a level 
difference of 40 cm, What is the speed of the plane relative to air (specific 
gravity of alcohol — 0.8, and density of air = 1 kg/m 3 , g = 10 m/s 3 )? 

Ans: 80 m/s 


Atomizer 

In an atomizer, by squeezing the bulb B we spray oil or scent 
from the nozzle as shown in Fig. 6. In fact when the bulb is squeezed 



Fig, 6 

the air blows out thiough the tube T creating a partial vacuum, thereby 
pressure at T, pi is lowered down to a great extent. The atmospheric 
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pressure p,. on the liquid, being much higher, pushes the liquid up the 
stem S which is then blown out With air stream through the nozzle. 

Lift on on aircraft wing 

Aeroplane wings ;ue designed in such a way that total distance 
travelled by the air over the wing is longer than that of the air flowing 
under it. Consequently velocity above is higher than velocity below 

which gives rise to a pressure difference, with pressure at the top being 
smaller than pressure below- This unbalanced pressure causes a force F 
to act on the wing, which can be resolved into two components. The 



Fig 7 


vertical component (Fig. 7) is responsible for the lift L and the horizontal 
component provides the drag D. However, if the streamline flow, above 
and below, breaks down due to greater angle of attack, Bernoulli s 
equation will not be applicable, 

Curved path of a spinning bail 

Consider a cricket ball moving to the right with a velocity v, be 
given a spin as shown in Fig. 8 (a). Since the ball is moving forwar 
well as spinning in the air), wind will be drifted in the direction opposite 
to the ball with a velocity same as the velocity of the ball as shown in Fig. 
8(b). Thus just above the ball the wind has a velocity greater than v as 
the velocity component due to spin adds up to v, and just below the a 
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since velocity component duo to spin gets subtiacted from v, resultant 
velocity Will be lower. Consequently, the pressure above the ball will be 
l{ss than pressure below (fiom Bernoulli's equation). The pressure 
difference thus created produces an additional unbalanced force due to 



Lower velocity 

(a) Fig. 8 (b) 


which ball gets deviated from the path which otherwise it would have 
persued had there been no spin In this case, obviously ball curves 
upward. 


The Venturi ruder 

In a Venturi meter (Fig. 9) the poition AB is wider (cross-sectional 
area=tfi) than portion CD (cross sectional area=a 2 ). Tube A B C D E F 
is horizontal. The rates of flow and v 2 of liquid m AB and C D (i.e. 
through a and P can be determined. 



0 


Fig. 9 


Problem 3 , -“- " T~™ 

National Irutihutcci* L-T.Kfiirx- . 

(a) Shod tha^fpr^y.e^turn.m^r-equa-t-iqu^of continuity gives 




(b) Bernoulli's equation applied at « and P gives 


2 hg - - r 8 »—I-/ 


(c) The Venturi meter can be used to deteimine iq if v, is given or 
r s if 1 ‘i is given. Show that 




A / 2 h « 

V 1 -(ajaj* 


Questions 

1. During a wind storm or cyclone the loofs of houses (particularly 
one with thatched roofs) are blown off without damaging other 
parts of the houses. Explain why ? 

2. If the spin given to a cricket ball is opposite in the sense to 
what has been shown in Fig. 8 how does the ball curve? 
Explain. 

4 . Vificoslty 

Consider a fluid flowing over a fixed horizontal surface M N (Fig, 
10). If the motion is si mainline the fluid in contact with the fixed surface 
will be at rest and every other layer will move parallel to the fixed surface, 



the velocity of flow increasing in the upward direction to a maximum 
value. Now consider an horizontal plane in the fluid. The molecules of 
the, fluid immediately above this plane tend to accelerate the motion of 
the molecules lying in the plane, while the molecules of the fluid lying 
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immediately below the plane tend to retard the motion of the molecules 
m it Each layer of the fluid thus tends to exert on the layer next to it a 
tangential backward force which tends to destroy the relative motion bet¬ 
ween the two layers Consequently if a relative velocity is to be main¬ 
tained between the parallel layers of the fluid an external force is required 
to overcome this backward drag In the absence of this exteinal force 
the relative motion between diffeicnt layers ceases aftei some time. Now 
we are in a position to define viscosity. The property hy viitue of which a 
liquid opposes relative motion between its different layers ts called internal 
friction or viscosity. The viscous force arises due to force of cohesion bet¬ 
ween the molecules of the fluid flowing m layers and also due to 
force of adhesion between the fluid molecules and the molecules of the 
tube, 

From Newton’s law of viscous flow for streamline motion the 
tangential force F between parallel layers A. B and C D (Fig, 11) each of 


O 


P 


\ + dv 



D 

B 


N 


Fig 11 


area A, at distance dx apart and moving with relative velocity dv is pro¬ 
portional to the area A and the velocity gradient dv/dx. The results were 
obtained experimentally. Thus 

F cc A dv/dx ...(12) 

F — PA dv/dx ...(12a) 

Where p is a constant called the coefficient of viscosity of the fluid 
and depends upon the nature and physical condition of the fluid. In the 
equation if 

A = 1 and dv/dx =1, we get 
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Therefoie, the coefficient of m< osuy may he defined as the tangential 
backward force acting on unit area uj fluid layer moving in a region of unit 
velocity gradient, 'I he dimensions of t , can he easily calculated, v)=(F/4)/ 
(dv/dx), | r, I —A/If 1 T^ 

|nl — Nm- J s 
si 

-- kg'ms 

In C.G.S system, units of r, are dyne cm s s which is called a poise. 

The coefficient of viscosity of liquids decreases vny rapidly with the 
rise in temperature and increases with the lisc in pressure. 

5. Stokes law 

We have studied the flow of liquid through a solid pipe. Let us 
now study the motion of a solid through a rtationaiy liquid For simpli¬ 
city let the solid be a spheie of ladius r and density p dropped in a liquid 
of density p' and coefficient of viscosity r, as shown in Fig. 12. The forces 
acting on the sphere are 



•V- ; 
W 


Fig. 12 

(a) Its weight, iv — mg ~ (4/3)n/ ,!1 pg 

(b) Force of buoyancy acting upward is equal to the weight of the 
liquid of volume equal to the volume of the sphere, 

B=(4/3) rw-y g 

(c) The viscous drag F, acting upwaids 
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From Newton’s second law 

ma = mg — (F+F) 

= ( mg—B)—F .. 13 

where m is the mass of the solid sphere and a is its acceleration in the 
liquid. 

The expression foi Fean be obtained using dimensional analysis, 
assuming 

Focy X f^ v° 

I F | =constant | r | v | V | y j v | 2 

MLT' 2 =constant | L \ X | MLT 1 | y | LT~ V | Z 
Equating powers of M, L and T 

y = I, x —y + z= 1, — y—z = —2 

which gives x = y — r = 1 

Thus F = (constant) •/) rv •■•(M) 

Detailed calculations have shown that the constant is Cn 

Thus F = 6 tc V r v ."(15) 

This is known as the Stokes law. The viscous drag F increases with 
velocity v of the sphere and as long as it is less than other forces, the 
velocity of the sphere increases as it falls down (Eq 13). Finally when the 
viscous drag equals the effective weight ( mg-B ), there is no resultant force 
acting on the sphere and consequently it acquires a constant velocity 
(a=0, Eq, 13) called the terminal velocity v 0 . Using Eq. (13) and Eq. (15) 
the terminal velocity is given by 

F = mg—B 

6n-qr i' 0 = {4/3',-Kr 3 g (p—p') 

J2. r 2 (p-p)g ...(16) 

0 9 v) 
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Questions 


1, How will you determine r, experimentally using Eq, (16) ■) 

2. Why do very small objects such as dust particles and tiny rain 
drops appear almost suspended in air'' (Hint : v^r-,) 

3 Why does a paraiioopei hurt himself as he strikes the ground 
if he delays the opening of his parachute long enough ? 


Example 3 

With what terminal velocity will an an bubble 0 8 mm in diameter 
rise in a liquid of viscosity 0 15 Nm‘ 8 > and specific gravity 0.601 ? What 
is the terminal velocity of the same air bubble in watei ? Take g=10m/s a , 
density of air — 1 kg/m®, density of water 1001 kg/m !l , and I of water= 
0.001 Nm‘ ! s. 

Solution 

(a) In this case the foice of buoyancy B is greater than the weight of 
the air bubble, therefore the bubble rises up In the given liquid 

.2 _r 2 (p- P ') ,tf 
0 ~ 9 - v 

_ 2_ (4 x I0~ 4 m; 3 (l—901) k g/m 3 x 10 m/s 8 
9 0.15 Nm' 2 s 

= — 2,1 X 10" a m/s 

the negative sign indicates that air bubble will rise up. 

(b) The terminal velocity in water is given by 

v — ' ,a (p~p‘) ft 

V O 

_ 2 (4 x 10" 4 m) (1 — 1001 j kg/m 3 x lOniAs® 
y " 0.001 Nni" a s 

= — 0 35 m/s 

which is higher in magnitude than in case (a). 
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ASSIGNMENT 


1 , Compute the m;iMmum average velocity of water in a tube of 
diameter 3 cm so that the flow is streamlined ? 

(Reynold’s number N = 2000; 

coefficient of viscosity "n =0 0001 Nm' s s) Ans 6,7m/s 

2, A horizontally placed pipe is running full of water. The pipe 
tapcis gradually fiom one end wheie the diameter is 50 cm to 
the othet end wheie the diameter is 20 cm. If the difference of 
pressures at the two ends is 10 cm of Hg, calculate the rates of 
flow of water at both the ends. 

(Given density of Ifg — 13.6 g/cc) Ans. 16.4 It/s 

3. Find the velociiy of efflux of a liquid of density 2C0 kg/m 3 from 

a tank in which the pressure of the liquid at the orifice 
(constnctcd opening) is 1 2 atmosphere. Ans. 14.2 m/s 

4. (a) Explain what do you understand by streamline and tur¬ 

bulent motion. What is Reynold’s number and what 
is its significance ? 

(b) On the basis of Bernoulli's equation show that the velocity 
of efflux from the jet, as shown in Fig. 13 is 
v =\/2gh 



Fig, 13 


5. Determine the terminal velocity of a steel ball 4 mm in diameter 
falling through glycerine. Specific gravity of glycerine rs 1.3, 
specific gravity of steel is 9, and coefficient of viscosity of 
glycerine is 8,4 poise. Ans. 8cm/s 
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6 Calculate llu \iscous dr.ig between two parallel layeis of water 
each of area 0.1 nr, when the velocity gradient is 0.01s -1 . ij 0 f 
water is 0.001 Nm -'s Ans: 10~«N 


SELF ASSESSMENT 

1. fa) State and explain the equation of continuity. 

(h) Why cant the two streamlines intersect each other? 
Explain 

(c) Do you find anything else analogous to streamlines in 
physics? 

(d) What is the central point of Bernoulli’s equation ? 

(e) What is an ideal fluid 7 

2. “Bernoulli's equation is nothing but the principle of conservation 
of energy applied to an ideal, incompressible fluid’’. Elaborate 
this statement. 


3. (a) Prove that ve — N/j/pO by dimensional method, where 

symbols have their usual meanings. 

(b) Calculate the maximum average velocity of water in a pipe 
of indius 10 cm, so that the flow is streamlined. The 
coefficient of viscosity of water o — 10“ 3 NnT 2 s, and Rey¬ 
nold’s number N = 200. 

4. Water is flowing through a Venturi meter at the rate of 10 m 3 / 
min. The pressure in the wider portion is 2 atmospheics and 
the diameter is Id cm, dcteimine the pressure in the narrow 
poition if its diameter is (5 cm. 


5. (a) At what speed will the velocity head of a stream of water 
be equal to 76 cm of ITg ? 
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(b) Explain why do spinnig cricket balls curve either up¬ 
ward or downward. 

6. (a) How does viscous drag differ from friction ? 

(b) If the viscous drag between two parallel layers of glycerine 
each of area 0. 5rn 2 is 5N, calculate the velocity gradient, 
if coefficient of viscosity of glycerine is 1 3 poise. 

7. (a) State the conditions under which a spherical body attains 

terminal velocity. 


(b) Deteimine the terminal velocity of a silver ball of diameter 
0.6 mm and specific gravity 10, falling llnough a liquid of 
density 800 kg/m 3 and r) — 10 poise. 


8. Deduce Stokes law using dimensional analysis. 

__ 

. r ,r,ntioB \ 
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introduction 


In preceding units you have studied about motion, work, power, etc. 
In the present unit you will apply those concepts of mechanics to electrical 
charges in motion, Early electrical knowledge, dating back many centu¬ 
ries, was concerned with charges obtained by rubbing things. Electric cir¬ 
cuits, with current to run lamps and motors, could not be developed until 
batteries were invented. Then the growth was so rapid that it produced not 
just a part of physics but a new electrical civilization, in less than a century, 
making modern man inevitably dependent on it for the functions of Ins 
everyday life. Since it is of immense importance to the mankind, you must 
know about this wonder and its various effects in details. One of such 
effects called ‘heating effects of current’ will be discussed in the present 
unit. Other effects such as thermoelectric effect, chemical effect, and 
magnetic effect will be discussed in subsequent units. 

OBJECTIVES 


To be able to 

1. Define electric current, potential, potential difference, resistance, 
work and power. 

2. Derive the equation of drift velocity and deduce Ohm’s law 

3. State and derive Joule’s law 

4. Solve problems based on above objectives. 


SUGGESTED READING MATERIAL 

1. Current and resistance 

It was known to the ancient Greeks that amber rubbed with wool 
acquiicd the property of attracting light objects. But it was after the dis- 



envery of electrons, we could understand that there are two types ot mate 
rials, vi/„, conductors (possessing a lot of semi-free electrons which do not 
belong to any individual aiom but belong to the bulk of the material and 
can't escape from the suilace due to strong surface barrier), and insula 
tors (possessing practically no sum-fiec electrons) Between conductors 
and insulators, is a class of material called semiconductors If a body is 
negatively charged, n means senu-fiee elections arc in sui phi, whereas if q 
body is positively dunged, then' is a deficit of such electrons. Thus electrical 
charge of a conductor can be defined as deficit or surplus of semi-free 
electrons, 

The lorce of interaction between electrical charges is governed by 
Coulomb’s laws (which you have S'tudied in class X). If you still remember 
it, answer the following question and skip rest of the discussion on 
Coulomb’s law. Othciwi.se a brief discussion is given below for recapitu¬ 
lation. 

Question 

Two charges Q and <■/( 1 Q | > | (j | ) arc separated by a distancer. 
Dctcimine the point(s) at which force due to charge Q on a unit positive 
charge will nullity the force due to </, (a) if Q and q both are positive 
charges, (b) Q is -1 ve but q is —ve. 




Fig. 1. The Coulomb’s force on charge </ is given by Fq - r where the direction 

of r is from Q to q. 


Coulomb's laws 

Coulomb’s laws are empirical but agreement with experiment is quite 
remarkable. 

Law 1 


The magnitude of the force of interaction between two electrical 
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charges is directly proportional to the product of magnitude of charges. 
(Ref. Fig. i.) 

Fee | Q 1 | g | 


Law 2 

The magnitude of the force of interaction between charges is inversely 
proportional to the square of distance of separat on between them. 

Fee l/r s 

Thus F cc JJLLLii 


or 


f = fc-LQJ LgJ 

r 2 


If the intervening space is free space (a space free from electrical charges, 
such as, vacuum), constant k is given by 

k = = 9 X 10» NmVC 2 


where £ 0 is the permitivity of free space (By permitivity we mean power 
of conduction of electrical lines of force) and its value is 

£ 0 = 8.85 X 10-” C a /Nm 2 


In vector form Coulomb’s laws can be expressed as 


F = 


" 1 
_4*e 0 



r=r r 


- (1) 


where r is a unit vector along the line joining the two charges. When both 
Q and q are like charges, F has same direction as r (from source to field 
point) which implies that the force is repulsive. But when Q and q are un¬ 
like charges, F is negative implying attraction. 

The electric field 

Let us imagine an electric charge Q located at a point A in space as 
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shown in Fig, 2. 'I he space surroundin'* Q is affected by the presence of 
this charge, in that, if webring another electric charge q at a point B it 
will experience an attractive or repulsive force, We can as well say that the 
charge Q has set up an electric field at the point B and this electric field is 
exerting a force on charge q placed at B. 

The electric {electric field .strength) intensity at a point is defined as the 
farce experienced by a unit positive charge placed at that point The electric 
intensity at a point distant r from charge Q will be given by 


£ is a vector whose direction is the direction of vecLor F. £ for point charge 
can be easily calculated from Coulomb’s law. 



Q 


Fig. 2 


E~Flq = 


1 

4ne„ 


Q 

r* 


•(3) 


Example 1 

Compute the electric field created by one proton at a distance of one 
Fermi, Given, 1 Fermi = 10~ 15 m, charge of proton = 1.6 X 10 -W C, 
k = 9 x 10® NnF/C 2 

Solution 

Electric field £ = ^ p 
r 2 

_ (9 x 10* Nm s /C») x (1.6 X 10-i® c) 

= 1.44 x 10*i n/C. 
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Lines of force 

The lines of force are imaginary lines used to visualize electric field 
patterns. The line of force is so drawn that the tangent to it at any point 
gives the direction of electiic field at that point The number of lines of 
force per unit moss sectional area is proportional to the magnitude of E. 
Large E is indicated by closer lines of force, and weak t is represented by 
lines of force drawn far apart. Fig 3 shows lines of force due to a positive 
charge. The number and direction of lines of force depends on the charge 
distribution of the source. 



Fig. 3 


Question 

Draw lines of force due to a negatively charged sphere. 

Electric potential 

We know that the mechanical work is given by 
W — jj F. dr 

We have just now shown that force acting on charge q placed at a 
point A distant r from a charge Q, producing electric field E at that point, 
is given by F — q E. 


s 


<£• - 




Fig. 4 
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Hence work done to displace q through a .small distance di will be 


dH' --- q E. dr 

Hence total work in displacing q From A to B (Fig 4) will be 
r ‘ 

IV ~-q J' E. d r 
r 


But we have shown 


E 


1 Q 

47!£ u t c 


r 


Hence W = 


Q.<! 



Qq r J_1 1 

4n£„L r r' _ 


If Ji is a point situated at infinity (r 1 -- oo), then work done is 


w Q <i ( L_ 1 \ - Q q 1 

4kg, \ r co ) -lne, r 


••■(4) 


The above work IP is the work done in carrying the positive charge q 
from A to co. It we do it the other way round i.e., we carry q from co to 
A, the total work done is called as the electrical potential energy at A, 
simply because the woik done will be stored up at A in the form of a 
potential energy. This potential energy if divided by q gives the work done 
in bringing a unit positive charge from co to the point A; which is called 
electrical potential at A. 


<1 

Since work is a scalar, potential, too, is a scalar. If charge Q creating 
electrical field is positive, work has to be done by someone in carrying 
unit positive charge, if on the other hand Q happens to be negative, work 
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will be done by unit positive charge itself, (why ?). Thus potential at a point 
is the work clone in carrying a unit positive charge from infinity to that point, 
The unit of potential is volt If the work done in bringing one coulomb of 
charge from oo to a certain point is 1 joule, we say that the potential at 
that point is 1 volt. If we consider any two points in an electric field, their 
potentials will be different. The potential difference between them will be 
given by the work done in carrying a unit positive charge from one point 
to another, e.g. let us consider two points A & B with potentials F A and Fb 
respectively. Work done W in carrying an electron from B to A (Fig 5). 


Fig 5 


W = (-e) ( Fb - Fa ) = e (Fa - Fb ). .,.(6) 

Therefore electrical work in displacing a charge from one point to 
another is equal to charge multiplied by potential difference. 


Questions 

1. How will you distinguish between emf and potential difference ? 

2. If a proton and a neutron, separately, is carried from B to A, 
then how much is the work done in each case ? 

You know fluids flow from higher pressure to lower pressure till the 
pressures become equal. Heat flows from higher temperature to lower tem¬ 
perature till the temperatures become equal. Similarly, the flow of charge 
from one conductor to another depends on the charge contents of the 
conductors, which governs their potentials. Thus as temperature is inter¬ 
preted as thermal pressure, potential of a conductor can be interpreted as 
electrical pressure. Thus flow of -j-ve charge will occur from a body at 
higher potential to a body at lower potential till the potentials become 
equal. Now positive charge in motion from one point to another due to 
difference in potential between them constitutes conventional current. Thus 
the direction of flow of electrons is always opposite to the direction of 
conventional current. 
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Oueslion 


1. How does a I)uul flow from lower piessuie to higher pressure? 

2 In which case does charge flow from lower to higher potential 
and how ? 


Electric current 

Quantitatively electric current can he defined as rate of flow of charge 
In the language ol differential calculus, if at an instant t, charge passing 
through a conductor in time dt is tlQ, the instantaneous current is 


Electric current can be of various types. If the current is Constantin 
magnitude and direction, it is called direct current (d.c.) However,if 
current changes its magnitude and direction, it is called alternating current 
(ar.) Currents can also lie such whose magnitude changes but direction 
is constant, such currents are called varying currents. In the Fig. 6 given 
below, curve (a) represents d.c. while curve (b) represents a.c. and curve 
(c) represents a varying current. 



From Eq (7) Q = J - dQ = J / dt. If current I is a constant £>■=!<• 
Electric current can propagate through metals (all metals are more or 



jess good conductors), through electrolytes (e.g. acidified water, aqueous 
solution of NaCl, etc.), vacuum tubes (e.g. diodes, tnodes, etc.) and semi¬ 
conductors. For metallic conduction, specifically, an important law ‘Ohm’s 
law’ is always obeyed. Ohm’s law states that 

“At constant temperature, current through a conductor is directly 
proportional to the potential difference across its two ends.” 

Putting it mathematically, if current is / through a conductor with 
potential across its two ends V A and Ku; then from Ohm’s law, at cons 
tant temperature, (Fig. 7) 



Pig 7 

(Fa -K b ) cc I 

Let the potential difference be V = V A — K u , then 
K oc / 

or 'K = / R .(8) 


Where R is not merely a constant of proportionality, it is the 
measure of resistance of the conductor and its unit is 1 Ohm (Cl). Resis¬ 
tance of a conductor is a property by which conductor puts obstruction to the 
flow of electrons through it. Resistance of a conductor depends on tempera¬ 
ture. In fact, with the rise in temperature resistance increases approxi¬ 
mately according to the formula 

Rt = R 0 (1 + a 0 

where Ro = Resistance of the conductor at 0°C, 

Rt = Resistance of the conductor at t°C, 

a = Temperature coefficient of resistance whose value is diffe¬ 
rent for different conductors. 



For a conductor of length l and cross sectional area A the resis¬ 
tance of the conductor /< at constant temperature is related to l and A in 
the following fashion (log. 8) 

R a I. if .-I is constant 

R cc l/.-f; il / is constant, 




<- 1 -> 


ii'„ 8 


These arc known as laws of resistance which give 


where p is called the specific resistance of the conductor. Reciprocal 
of p is called specilic electrical conductivity cr or simply electrical conduc¬ 
tivity, 


(T Ip, 

It is clear from Ohm’s law (which is valid for metallic conductor 
only), that a graph of V against I will he a straight line passing through 
the origin (Fig. 9a) For electrolytic conduction, vacuum tube conduction 
and conduction through semi-conductors, V-I graphs are as shown in Figs, 
(9a), (9c) and (9d) respectively. 
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Fig. 9 

It is clear from the graphs that none of them, except what is shown 
in Fig. 9a, are straight lines passing through the origin as being demand¬ 
ed by Ohm’s law. 

Questions 

1. Given a piece of metal, where do semi-free electrons reside ? 
Why are they called semi-free 7 

2. Why is the direction of flow of conventional current opposite to 
the direction of flow of electrons ? 

3. What do you think are the important, reasons for the non- 
obedieucc of Ohm’s law for electrolytic and vacuum tube con¬ 
duction ? 

t 

4 Is the/current a scalar or vector 7 


Example 2 

How many electrons pass through a lamp in one minute if the cur¬ 
rent is 300 mA ? 


Solution 

Current / = 300 mA 
= 3 X 10“i 


National Institute cf Education 
Library & DocnrcanWtio'J 
Unit (N-C.3-•) 

. Wp 57.0 .- 


Acc. 


Data 




« «• • i w 


If 



'June i 1 minute 
- (,0 s 

If n is the number of electrons and <■ is the charge on each electron 
Q- n e is the total charge. Hence 

it e ■» It 

l 1 

n - 

c 

3 X 10“> A >. 60s 
1.6 x t(r* B C “ 

- 10 »" 


Example 3 

What is the number of semi-tree electrons in a piece of silver of 
area of cross section 1.0 >; ltr * m* and length I m. Atomic weight 
of silver 1 OK, density of silver -- 105 X 10* kg/m 8 . Assumethere 
is one semi-free electron per atom 

Solution 

Cross sectional area A -10 v lO'Mn* 

Length / =-1 m 

Volume V r= l A 

=■ 1.0 X 1 O' 4 m a 
Mass of the silver piece M ~ V d 
where d = Density of silver 

M - 1.0 X KH y, ins x 10* kg 
= 105 x 10“* kg 
= 1.05 kg 

Silver is monoatomic, hence kg of silver must have 6.023 X \0® 3 
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atoms or same number of semi-free electrons. Hence 1 05 kg of silver will 
have ^ ^ °o?iQg - — * 1-05 j = 5.83 x 10 ai semi-free electrons. 


Problems 

1, The electron in the hydrogen atom circles around the proton with a 
speed of 2,18 X 10'm/s in an orbit of radius 5.3xl0~ u m. Calculate 
the equivalent current. 

2, In a copper wire PQ, a current of one ampere flows in the direction P 
to Q. Calculate the number of electrons transferred from Q to P in 16 
seconds (charge on the electrons == 1.6 x 10~ 19 C). 

2. Drift velocity and derivation of Ohm’s law 

Metals are crystalline where molecules are arranged in regular perio¬ 
dic arrays called crystal lattices. They also possess numerous semi-free 
electrons leaving the atoms at lattice sites as charged ions Since heat is 
identified with kinetic energy of molecules, the semi-free electrons possess 
thermal energy and are in a state of chaotic motion much similar to the 
assembly of gas molecules. They in fact move with velocity of the order 
of 10 3 m/s at room temperature and these velocities are randomly distributed 
(i e. in all possible directions'), hence one can say very safely that average 
velocity of the assembly of N electrons is 


hav = 


+ tie 4- 


-PU N 


N 


= 0 


-.(9) 


here u a ,. un, etc. are the velocities of individual electrons. But 

their average speed is not zero. (Why ?) 


Since their average velocity is zero, there is no 
trons in any particular direction. But the moment, a 

is applied giving rise to an electric field E (where E = 


mass motion of elec- 
potential difference V 


—dV 

dr 


i.e. E is the 


rate of variation of V with displacement r, with a negative sign), electrons 
start drifting in the direction of positive plate (since electric field is applied 
by two plates connected to two terminals of an electricity generator). 
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Since by definition /■' is the loree experienced by a unit positive charge 
electrical force on a .single electron is negatne (wheic V is the electronic 
charge). If m is the mass of an electron, its acceleration a due to appli- 
cation of electric field will be 

a ^ e F.'m (From Newton’s second law) 

But when we consider the assembly of electrons m the metallic con¬ 
ductor, where is no net acceleration because the electrons keep colliding 
with the ions at lattice sites. The total effect of these collisions results into 
conversion of kinetic energy of electrons into vibrational energy of lattices. 
This conversion is total and continual and hence electrons acquire a cons¬ 
tant average drift speed I\i in the direction— L. The drift speed F a of 
electrons can be computed in the following fashion. 

Fig, 10 shows the conduction electrons in a wiic, moving to the right 
with constant drift speed I *,i If A and / are cross-sectional area and length 
of the wire, the volume of the wire is Al. If n is the number of conduction 



Fig. It) 

electrons in unit volume, then total number of conduction electrons is 
nAl If electronic charge is e, total charge nAlc is present in the wire. If 
this charge takes time t to pass out of the wire, through its light end, 
then current is 

I = lAIj ...( 11 ) 

1 
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But electrons are drifting with a constant speed Vi given by 


V d = l/t 


...( 12 ) 


Substituting from Eq. (12) in Eq. (11), we get 

I — n e A V a (13) 

We define a quantity called current density j 


j = I/A 


Hence from Eq. (13) and Eq. (14) 



...(14) 


...(15) 


Consider a single electron that has just collided with an ion core. The 
collision will destroy the tendency to drift and electron will have a random 
motion after the collision If A is the average distance described by an elec¬ 
tron between successive collisions (called mean free path) and since average 
thermal speed as assumed earlier is v, then mean time between collisions is 
(A/v). At its next collision, electron velocity on the average, has changed 
by [a (A/v) ]. Wo call this as drift speed V a or the average velocity acqui¬ 
red by the electron since it suffered its last collision. 

t) 

It is clear from Eq. (16) that drift velocity is dependent on electric field E. 
For very weak field (say 1 volt/cm), thermal velocity of the electrons will 
be more dominant, whereas for very high electric field, drift velocity will 
be much more important than thermal velocity. Eq. (15) and as well as 
Eq. (16) are called drift velocity equations, from which Ohm’s law can be 
derived in a very natural fashion. Let us equate Eq ; (15) and Eq. (16) 

I/A = eJEf/X \ 
ne m \ y ) 
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-(17) 


Hence / 



n ( i A 
m 



In Fill 10, V El, where Pis the potential difference applied across the two 
ends of the conductor of length /, and A v -t is the mean time between 
collisions. Hence Eq. (17) can he written as 


(m*A 

\ m l 



...(18) 


Since (n c 9 A J) is a constant for a given conductor, let us put 


R 


m l 
rt e* A - 


...(19) 


which is the resistance of the conductor. 


Hence from Eq. (18) and Eq, (FA) 

V -■ I R ...(20) 

which is the Ohm's law From Eq (19) we get the law of resistance. 


R -- p I/A 


where p = 


m 

n e*r 


rt ( ,a 7 

m 


Questions 

1. In Eq, (16) take mean time between collision (A/v) as HT^s and put£ 
equal to 1 V/rn and hence determine the approximate value of Fa 

2. In question (1), we will find the value of F,i to be extremely low. How 
docs then an electric bulb light almost immediately when it is switched 
on ? Explain. 

3. Can you think of a way to measure the drift speed of electrons by 
timing their travel along a conductor ? 
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Example 4 


When a 20 cm long wire is connected between terminals of a 10 volt 
battery, the drift velocity is 1 cm/s What is the average time 
between collisions ? 


Solution 

Voltage applied V = 10 volts 
Length of the wire l — 20 cm 
Drift velocity Va — 1 cm/s 
= 0.01 m/s 

Average time between collision t = ? 

V 

Electric field applied E = ~y 


= 10/20 = \ volt/cm 
= 50 volt/m 


Drift velocity Va = e E r/m 


Hence t = 


m 


eE 


V a 


where m~ 9.1 x 10 _B1 kg 

e = 1.6 X 10-is C 

TT „„„ 9.1 X 10-» X 0.01 „ 

Hence t — -. , - v ?r —i n - s 

1.6 X 10 19 X 50 

= 1.14x10-“ a 


Example 5 

A rectangular carbon block has dimensions 1,0 cm x 1.0 cm 
X 50 cm 
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{a} What is the resistance measured between two square ends'! 

(b) Between two opposing rectangular faces 7 The specific resistance 
P of carbon at th.- room temperature is 3.5 x lO - ' 1 ohm m, 


Solution 

(a) 'lhc area of a square end is 1.0 cm a or 1.0 - HT 4 m 2 . Thus From 
the expression R - p I, A 


„ _ (3 5 x 10ohm m) (0 50 m) 
A ' 1.0 ,< 10 1 m 2 


0.1 8 ohm 


(b) For the resistance between opposing rectangular faces (area 
- 5.0x lO- 2 m E ). We have R- p //.-l 


(3.5X Ib“ r ’ ohm rn) (10 5 m) 
'5 0 X I0' : 'm 3 


7.0 X ID -5 ohm 


Thus we find that a given conductor can have a number of resistan¬ 
ces, depending on how potential difference is applied to it. 

Problem 

Calculate the drift velocity of electrons in a metal conductor of area 
of cross section 10~ 5 mr for a current of 20 A. Assume that there are 
8.4 x 10 28 electrons per cubic metre. 

(Ans : 1.5 X 10 -4 m/s) 


3. Heating efifect of current 

It is a matter of common observation that when electric current flows 
through a conductor, heat is produced. 'I lus is known as heating effect of 
current. The question is why is the heat pi educed 7 Reasons are simple to 
understand if you are aware of the fact that whenever some mechanical 
work is done, an equivalent amount of heat is produced. (Ref : First law 
of Thermodynamics, W = JQ), 
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Kow electrons driven through a conductor under the effect of poten¬ 
tial difference, require work to be done against the resistance of the con¬ 
ductor, hence the heat—it is as simple as that, 

Consider a conductor AB (Fig. 11) through which current I flows 
from A to B Evidently potential at A ( V.\ ) is greater than potential at 
B ( Fb ). But electrons are flowing from B to A, Hence work done in 
carrying a single electron from B to A will be 



Fig 11 


dW =(-ef I1 )-(-eV i ) 

= c (Va —V m ) ...(21) 

(Electrons being negatively charged, their potential energies at B and A are 
negative.) 

If in time dt, n number of electrons are moving from B to A, then 
total charge passing in time dt is n e. This constitutes a current 


Hence n ^UL -..(22) 

e 

Now in Eq. (21). we have calculated the work done in carrying a single 
electron from B to A, but for n electrons the work done 

dW — n e (Va — Vn ) ...(22a) 

Substituting from Eq. (22) in Eq. (22a) we find 
dW ~ I dt { V A — Vb ) 

Let Va - V* = V 

Hence dW = V / dt 
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Thus the rate at which electric energy is consumed is power 


/' 


d IV 
dt 


V / 


.-.( 23 ) 


11 R is the resistance of the conductor, from Ohm’s law wc know 
V IR 


(fence V - I 3 R V*/K 

If we want to calculate average heat Q produced during a time t, then 

c = /* R t joules ..,( 24 ) 

Joule is the SI unit of heat energy. 

If we want to convert joules into calorie then, since we know 1 calorie is 
equivalent to 4.2 joules, we divided Icq. (24) by 4 2, Thus 

ri n 1 

42 caloric ..,(25) 

1 his is known as Joule's law. 

For calculating the total consumption ol electricity in practical life, 
joule being very small unit, we take I kilowatt hour (1 kWh) where 

1 kWh - 1000 watt-hour (Wh) 

(Since if power P is m watts and time t in hours, then energy consu¬ 
med is W = P t watt-hour.) 

and also, 1 kWh = 3.6 x 10° joules 

1 kWh is also oalled as board of trade unit (B (>. U) and for com¬ 
puting monthly bill of electricity, for 1 II. 0. U. say, fifty paisc is charged, 

Questions 

1, The equation P •= PR seems to suggest that the rate of joule 
heating in a resistor is reduced if the resistance is made less; equ ■ 
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ation P = V z jR seems to suggest just the opposite How do you 
reconcile to this apparent paradox ? 

2, Is the filament resistance lower or higher in a 5000 watt bulb 
than a 1(0 watt bulb ? Both bulbs are designed to operate on 
110 volts. 

Example 6 

A heater is marked 500 watt, 220 volt. Find 

0) The current it draws. 

(ii) Its resistance, 

(iii) The cost of using it for four hours at 15 paise per unit. 


Solution 

Power P = 500 W 
Voltage V = 220 V 
Current / — ? 

Resistance R = ? 

We know p — VI 

Thus 500 W = (220 x I) V 



= 2 27 A 


Also power P — V z /R 



220 X 220 
500 


ohms 


«= 96.8 ohms 

Energy consumed in 4 hours 

= 500 x 4 Wh 
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2000 

HUH) 


kWh 


- 2 kWh 

Since the cost of I unit is 15 paise, 2 units will cost 30 paise. 


Problem 

An automobile battery pioduccd a potential difference of 12volts 
between its terminals A head light bulb is to be connected directly across 
the terminals of the battery and dissipates -40 watts of power What current 
will it draw and what must be the resistance 7 


ASSIGNMENT 


1. The type of wall socket commonly found in houses arc capable of 
delivering a current of 5 A, If this current Hows through a copper 
wire with a diameter of 0.1 cm, what is the drift velocity Ku of the 
electrons ’> Given, number of electrons per unit volume is 8.4 X 10*° 
per m :i . 

Ans 5 x 10 3 4 m/s 

2, A 110 volt, 60 watt electric light bulb is connected between the 
terminals of a bank of storage batteries producing 110 volt. How 
many electrons enter the bulb per second ? 

Ans. 3.4 X 10 u 

3. A 450 watt electric press is made to operate at 225 volts. Find (i) 
its resistance (h) rale of heat produced in joule per second (iii) power 
of the press, if voltage drops to 200 volts. 

Ans. 112.5 W, 450 W, 355.6 W 

4, A house is fitted with 8 lamps, 5 of 40 watt and 3 of 100 watt each, 3 
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fans each taking 0 25 A and an electric iron having a heating element 
of 44 ohms. If all the appliances work on 220 V supply for 5 hours a 
day, find the bill for the month of April at 20 paise per unit. 

(Ans Rs, 52.95) 

5 A potential difference V is applied to a conductor of length L, and 
diameter D. How are the electric field E, the drift velocity Va and 
the resistance K affected when (i) V is halved, (n) L is tripled, (iii) D 
is quadrupled 

6, (a) The temperature coefficient of resistance of a thermistor is nega¬ 
tive and varies greatly with temperature How will the I-V curve 
look like in this ease 

(b) Show that P, the power per unit volume transformed into joule 
heat in a resistor can be written as 

P^J*? 

where the symbols have their usual meaning. 


SELF-ASSESSMENT 


1. (a) Calculate the drift velocity of electrons in a metallic conductor of 

length 2 m, when the voltage applied across its ends is 150 V. 

Given that the average frequency of collisions of electrons is 
lOn/s. 

(b) If a current of 1 6x 10 -ia A is noted through a wire, what is the 
net number of electrons passing through any cross section insido 
the wire in 10 seconds. 

2. The copper windings of a motor have a resistance of 50 ohms at 
20°C, when the motor is idle. After running for several hours the 
resistance rises to 58 ohms. What is the temperature of the wind¬ 
ings 7 
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3. A 500 watt immersion heater is placed in a pot containing 2kgwater 
at 20'C (a) How long will it take to bting the water to boiling tem¬ 
perature, assuming that f50"„ of the available energy is absorbed by 
the water’’ (h) How much longer will be taken to boil half the water 
away ? 

4. Deduce Ohm’s law using drift velocity equation. 

5. Resistance i?, of a conductor varies with temperature t according to 
the formula 

R - K (1 a * -1- P '*) 

Given a = 10-»/K, p = 10-‘;K», and R„- 1 ohm. 

Plot a graph of t against dR’dt. Determine the temperature t at 
which dRjdt is zero. At that point how will resistance depend upon 
temperature ? 
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INTRODUCTION 


Take two wires of dissimilar metals (say, Cu and Fe) and join them 
in the end to end fashion Maintain the junctions at different temperatures 
inserting a milli-voltmcter in the circuit. You will notice that the voltmeter 
shows deflection. This is an effect of electric current (like the heating effect 
of current, you studied in the previous unit) called thermoelectric effect, 
which you will study in the present unit. 


Fe 



Here we aTe also going to discuss about another effect of current 
where deposition of metal occurs when electric current passes through a 
solution. This is known as chemical effect of current. In the next unit you 
\vi!] study about other effects of electric current, 





OBJECTIVES 


To be able to 

1. State and explain Seehcck effect; and state principle behind the 
thermoelectric series. 

2. Describe the \ariatnm of thermo cmf with temperature. 

3. Explain how temperature is measured by thermocouples, and des¬ 
cribe a thermopile giving its sketch and requisites. 

4. State, and apply laws of electrolysis. 


SUGGESTED READING MATERIAL 


1. Thermoelectric effect (Sccbeek effect) 

Let us take two wires of dissimilar metals c.g. one of copper and 
other one of iron. These two wires are joined together at the ends A and 
B and a galvanometer of very low tesisiancc is also included in the circuit 
as shown in Fig. 1. Junction A is kept at room temperature and when 
junction B is heated, a small electric current is observed as shown by 
arrows. 
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Thus an awf could be produced by purely thermal means in a circuit 
composed of two different metals, whose junctions arc maintained at 
different temperatures. This is known us Sec beck effect and cmf in the cir¬ 
cuit is called thermal emf. The origin oi thermal cmf can be explained in 
the following fashion. We know that all conductors contain a large num¬ 
ber of free electrons Normally the concentration of electrons at the inter- 
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face of two metals is not the same as it depends upon the nature of metals 
and temperature. Hence, when two dissimilar metals are brought in con¬ 
tact and connected to form a junction, electrons diffuse from one into 
other i,e. from metal of higher electronic concentration to that of lower 
electronic concentration, giving rise to a contact difference of potential. 
When the temperatures of the two junctions arc same, this contact diffe¬ 
rence of potential is also identical across the two junctions and so there is 
no resultant emf in the circuit. However, when Iheie is a temperature diffe¬ 
rence across the two junctions, the contact potential across the hot junc¬ 
tion becomes more than the potential at the cold junction and the 
difference acts as the resultant emf which drives the current through the 
circuit, 

In fact Scebeck investigated the effect For a large number of metals 
and arranged them in a series called thermoelectric series, such that when 
any two of them form a circuit called thermocouple, current flows at the 
hot junction from the metal occurring earlier in the series to the one occur¬ 
ring later. Given below are some metals belonging to the thermoelectric 
series in proper order. 

Bi, Ni, Pt, Au, Pb, Ir, Fe, Sb. 

Thermo emf is rather small, hence to measure it with reasonable 
accuracy, potentiometers are most suitable devices. Keeping cold junction 
at 0°C, the experimental graph of thermo emf E and temperature difference 
between hot and cold junction t is a parabola shown in Fig. 2, The magni¬ 
tude of thermo emf is maximum at in called the neutral temperature At t\ 
which is called the inversion temperature, thermo emf reverses its direc- 



3 



tion. For a given thermocouple, the value of ts is unique (for Cu-t^ 
thermocouple U is 275X), hut the value of/j is not unique; it depends 
upon the temperature of the cold junction. If the cold junction is at0 3 C 
7j for Cu-Fe thermocouple is 550’C, but it decreases with the rise in tem¬ 
perature of the cold junction 

Temperature measurement by thermocouple 

When the temperature 7\ of the cold junction is kept constant, See- 
beck emf E is found to be a function of the temperature 7' s ofthe hot junc¬ 
tion. This fact enables the thermocouples to be used as thermometers, 
Since the junction is small and has a small mass consequently small ther¬ 
mal capacity, it comes quite rapidly to thermal equilibrium with the 
system whose temperature is to be measured It, therefore, can follow the 
temperature changes rapidly. 

To connect a thermocouple to a measuring instrument, it is necessary 
to break the thermocouple circuit at some point and introduce a third 
metal thereby creating two new junctions. But if both the new junctions 
arc maintained at the same temperature, no disturbing effects are pro¬ 
duced. 

The temperature '1\ at the site of test junction can be measured 
noting down the emf, if the couple is previously calibrated. For considera¬ 
ble range of temperature, the thermo emf is almost a linear function of 
temperature, as it is clear from Fig. 2; therefore calibration is not difficult, 
Frequently galvanometer in the circuit is calibrated to read the tempera¬ 
ture directly. Copper-constantan couple is used to measure temperatures 
rangmg from 190°C to 300'C Thermocouples of platinum and platinum- 
rhodium alloy are used for measuring temperatures up to 1600°C. 

As temperature measuring device, the thermocouple has following 
merits. 

1. Because of the smallness of the test junction, it is particularly 
suitable for measuring temperatures in very small regions and cavities. 

2. It is accurate and the emf can be measured with an accuracy of 
about 10“° volt. 
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i Since the test junction attains thermal equilibrium with the sur¬ 
roundings quickly, it can be used for measuring variations in temperature 
in various parts of the bodies of animals, insects etc. 

Question 

Fig. 2 depicts the variation of E against t. The curve is a parabola 
and we can write 


E — a -j- bt cf a 

where a and b are constants. Suggest a method to determine the 
temperature by a thermocouple by using the above formula, Will it be 
more convenient to plot dE/dt against t ? Explain why. 


Example 1 

The thermo emf of copper-constantan thermocouple at room tem¬ 
perature is 50 /xV per degree. A galvanometer of resistance 50 £1 and capa¬ 
ble of detecting currents as low as 2 ftA is used. Calculate the smallest 
temperature difference that can be detected with this galvanometer. 


Solution 


Current / = A 

= 2 X lO-o A 

Resistance of galvanometer G = 50 £1 
Corresponding voltage V , using Ohm’s law is 

V — IG 

V = 2 X 10-« AX 50 O = 10"* volts 
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If 0 is lhe smallest tonpi r.ittire dillcrcnce winch can be detected by this 
galvanometer then 

ID * volts >h <■ ID ' volts degree >: 0 
<i 2 K 

Problem 

Near room temperature, a coppcr-oonstantan couple and a galvano¬ 
meter of d(l<) U lesistanec is capable of detecting unrent as low as lOpA, 
arc used. If the .smallest temperatmc ddference that can be detected with 
such couple is 1 K, what is the value of thermo einf of such a couple 

per degree ? .. „ 

(Ans 2 mV per degree) 

Thermopile 

In a previous unit it has been shown that heat is a form of energy, 
and the propagation of heat bv radiaiion consists merely of a transference 
of energy. But the radiant energy, in the process of transference, does not 
make itself evident unless it falls on matter \Shen it falls on matter and 
^absorbed, it is converted to heat and can then be detected by the use of 

thermocouple. 

You have seen that the cmf generated by a single thermocouple is 
only of the order of a Few millivolts. But it a number of thermocouples 
are connected in scries, the auj.\ are added up. Such a combinationn 
called a thermopile and is used to mcasinc the intensity of heat radiation. 
In its original form, McllontVs theimopilc consisted of a number ofbismuth 
and antimony rods, placed alternately whh their ends joined, as indicated 
in Fig. 3. The left faces are blackened and foim the hot junction, while 



Fig, 3 
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[jje r ight ones are covered with insulation to form cold junction. Radiant 
energy falling on the hot junction, heats it and thereby producing an emf 
which sends a current through the circuit, and this is recorded by the 
galvanometer G. 


Requisites of a sensitive thermopile 

1. The sensitiveness of the thermopiles depends on the couple used. 

2. The sensitiveness of the thermopile also depends upon the sensi¬ 
tiveness of the galvanometer. Thus the galvanometer must be of 
low resistance and voltage sensitive. 

3. The sensitiveness also depends upon the number of thermo-junc¬ 
tions, but this cannot be multiplied indefinitely as the external 
resistance increases. The best procedure is to have the piles as 
light as possible and to choose a number so that the total resis¬ 
tance of the junction is equal to the galvanometer resistance. 


Question 

How will you investigate the emission or absorption of a substance, 
using a thermopile ? Explain. 


Problem 

It is desired to construct a Bi-Ag thermopile that will develop a ther¬ 
mal emf of 1 juV when temperature difference between hot and cold 
junction t is 0.001 K. How many separate thermocouples must be 
connected in series ? 

Given E B i~Ag = a t + b t s 
where a = —46.20 pV/K 
b = -0.482 M V/K a 
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What will the \e sign of /ini in indicate ? 

(Ans. Approx. 22) 

2, Chemical effects of electric current 
Electrolysis 

If two small Strips of platinum arc connected to the terminals of a 
battery and dipped into a beaker of distilled water, it is difficult to pass 
current between them. But if a few drops of sulphuric acid are added, 
current begins to pass and gas bubbles appear at both plates. These bub- 
blcs arc found to be that of hydrogen and oxygen, the two constituent 
elements of water Similarly if two plates of copper are connected to the 
terminals of a battery and then dipped into copper sulphate solution, 
current begins to flow. 

Faraday made a thorough study of this process of chemical action by 
electricity. I his chemical action is called electrolysis . The liquid conduc¬ 
ting electricity is called an electrolyte. The two plates such as those of 
platinum, copper etc , arc called electrodes, the one where the current 
enters, is called the anode and the one where it leaves, the cathode. The 
vessel in which the electrolyte is contained for electrolysis is called an 
electrolytic cell or a voltameter. The majority of electrolytes are liquids, 
and the most important ones are aqueous solutions of acids, bases and 
salts. 


A copper voltameter consists of a glass vessel containing copper sul¬ 
phate solution as electrolyte and two copper plates as electrodes (Fig. 4). 
When copper sulphate is dissolved in water it splits up into Cu ++ and 
S0 4 ions. The copper ions carry two units of positive charge and the 
sulphate ions, two units of negative charge. 

cuso 1 -»-cu + ‘ | '+ sor~ 

When the electrodes are connected to a battery through an ammeter and a 
rheostat the Ca + ’“ ions move towards the negative plate and after deliver¬ 
ing their charge become neutral atoms. The S0 4 ions go to the positive 
plate and combine with the copper atoms of the electrode to form CuSOj. 
The CuS0 4 so formed goes into the solution and thus the concentration of 
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the solution is maintained. Thus the cathode gains as much copper as the 
anode looses. 



Faraday's laws of electrolysis 

Faraday stated the following two laws of electrolysis. 

Law I 

The masses of the substances deposited or collected at either elec¬ 
trode are proportional to the current and to the time during which current 
passes i.e. to the quantity of charge passed. 

If m is the mass of ions deposited or collected at the electrode, then 
woe// ormoc 3 

where / is the current in amperes flowing for t seconds, and q is the total 
charge in coulombs passing through the electrode. 

m = Z 1 1 — Zq ...(1) 
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where 7. is the constant o{ proportionality ami is called the electro ckmi 
cal equivalent ll' (* I 1 of the subsiarcc, Its value depends upon the nature 
of the substance thus we may define EX' E, as the mass in grams libera¬ 
ted by one coulomb of charge pasting through an electronic Hence 

. f , „ Mass of the substance deposited 
Cut rent x Time 

The unit of E C E, will thus be gC, 

Law 11 

The masses of different substances liberated by the same quantity of 
electricity, are proportional to their chemical equivalent y 
when voltameters containing different electrolytes are connected in series. 

According to this law if a current is passed through a solution of 
CuSO<, AgNOj and acidulated water for the same time, then for every one 
gram of hydrogen liberated, 108 grams of silver, and 31.5 grams of copper 
will be liberated. We may write it as 


Mass of substance A deposited ( d/\ ) Chemical equivalen t of A 

Mass of substance B deposited (Mu ) Chemical equivalent of B 


From Eq. (2) we get 

Ma 7j\ 

'Mv. Zn 

Thus 

Moss of A_dcposited _ Chemical equi vale nt of A 
Mass of B deposited Chemical equivalent of B 


,.,(3) 


E.C.E.of A 
EfC.E.afB' 


...(3a) 


Problem 

For what time must a current of 2.5 amperes pass through a solution 
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of zinc sulphate to deposit 1 g of zinc ? (E.C.E. of zinc= 0X003387 gram 
per coulomb.) 

Faraday’s laws of electrolysis can be put in a slightly different form. 
You know that a mass equal to the atomic mass divided by the valency is 
called an equivalent mass. Let us define one faraday ( F ) of charge as the 
amount of electricity required to liberate one gram equivalent mass of elec¬ 
trolyte. From Eq. (3) one can find out the value of one Faraday (Flow ?) 
and it is found that one F=96,519 coulombs Faraday’s law of electrolysis 
is therefore, that the number of gram equivalent masses of a substance deposi¬ 
ted, liberated, dissolved, or reacted at an electrode is equal to the number of 
Faradays of electricity transferred through the electrolyte 

Let us put this statement mathematically. Let a mass m of a subs¬ 
tance of atomic mass M and of valency J be deposited, due to the passage 
of I amperes of current for time t seconds. If Z be the E.C.E. of the subs¬ 
tance, from the definition of Faraday 

(M/J)—Z F -(4) 

and from first law 

m=ZIt -(5) 

Substituting from Eq. (4) in Eq. (5), we get 

or, 

m 7 _f f ...(6) 

M F 


Eq. (6) is the mathematical form of above statement. Let N is the Avoga- 
dro’s number and we consider the electrolysis of AgNOs, resulting in the 


deposition of Ag on the cathode (s ay). If a mas s of silver equal to the 
atomic — ver'.t’eyipp' c , h follows that N Ag 

atoms- i . H:.'* ■ . r ’.-■‘i.'c -’V'- transferred is then 

Ne, wh -. ■ , h' S.'-V 1 -s " movalent, the total 

. f A •/ 
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charge is one furaday; then 


Eq. (7) enables us to determine AvogadmLs number N 
3. Application of electrolysis 

1. Electropltinni; 

Elcotrophuini’. is a common application of electrolysis. The object of 
electroplating is to give articles made of one metal coating of another 
metal, eithei to improve their appearance or to protect them against rust¬ 
ing and tarnishing 

2. Electrotypinf! 


Lkctrotypinp is commonly used in printing books. A wax impres¬ 
sion of the type i,s made and the surface of wax is covered with a layer of 
graphite or other material to make it conducting. This conducting wax 
impression is then made the cathode in a copper voltameter and a layer of 
copper of sufficient thickness is deposited on the wax. The copper replica 
of this type is then heavily baokened with an alloy of lead, tin and 
antimony and ts used foi printing. Metals other than copper may be used 
in the same manner. 

3. Purification of metals 

Electrolysis has been found very useful in purifying metals such as 
copper. Large anodes of impure copper arc placed in large vessels con¬ 
taining a solution of CuS0 4 with 3,2% copper by mass and 16% free 
sulphuric acid The copper anodes contain many impurities, such as lead, 
arsenic, iron, and possibly selenium and some gold. By using suitable 
current and keeping the potential difference between anode and cathode 
little above 0.34 volt, all the materials but gold go into the solution, (lie 
gold falling to the bottom If the potential difference is tess than 0.34 
volt, only copper deposits on the cathode, the other metals remain in the 
solution. Zinc, cadmium and other metals may be separated in a similar 
manner. 
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4 . Decomposition of salts 

In 1806 Sir Humphry Davy first obtained small quantities of metallic 
sodium and potassium by electrolysis. Today most of the supply of these 
metals is produced by electrolysis of sodium or potassium hydroxide with 
iron electrodes. 

5. Electropolishing 

Electropolishing is the reverse of electroplating and is of great 
interest to the metallurgists. If an object is to be electropolished, it is 
placed in an electrolytic bath and made the anode; whereas copper or lead 
could be taken as the cathode. Then with a suitable electrolyte, the eleva¬ 
ted portions of the anode are preferentially dissolved (i.e. removed from 
the anode). The result on the anode is similar to that of polishing. 


ASSIGNMENT 


1. Define thermo emf. How does the thermo emf vary with temperature 
difference between hot and cold junction ? What are neutral and 
inversion temperatures ? 

2. The international ampere was defined as that unvarying current which 
in one second will deposit 0.001118 g of silver from a solution of 
AgNO a . Determine from this definition the value of one Faraday. 

Ans. 96,600 C 

3. Two electrolytic tanks are arranged in series, one containing a solu¬ 
tion of CuSOi, the other AgNOa. How much silver will be deposited 
during the time in which 4.8 g of copper are deposited? (Atomic 
mass of Ag=108; Atomic mass of Cu=63.5). 

Ans. 16.3 g 
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4, A potential difference of 3 volts is established across a copper elec- 
troplatmg cell How much does it cost to deposit 500 g of copper if 
the electricity costs 50 paise per unit '' 

Ans. 63 paise 

5, (a) {explain the origin of thermo cm/. 

(b) List the requisites of a sensitive thermopile. 

6, If the lAu is given by the formula 

/•.'mi U I /) t " 

(m - Any metal; i Lead) 

(t Difference of temperature between hot and cold junction) 
compute for a copper-nickel thermocouple the cmf when / = 100°C, 
Given acu-j'b 2.76 ^V/deg; u Ni t<b =19 1 ^V/deg 
be*-n-.-0.012 V/deg«, bm-i'b « 0 030 ^V/dcg* 
and if mm /An. —* /An. 

Ans. 1.42 mV 


SELF-ASSESSMENT 


1. (a) Define E.C.E, of an clement. What are its units ? How is it 

related to chemical equivalent mass ? 

(b) How do you determine Avogadro’s number starling from Fara¬ 
day’s laws ? Explain. 

2. (a) What is thermoelectric series ? Explain. 
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(b) How do you make temperature measurement with the help of a 
thermocouple ? Explain with the help of a circuit diagram. 

3 . (a) How many Faradays of electricity are required to deposit 159 g 

of copper from a solution of CuS0 4 ? 

(b) How many Ag atoms are deposited by a current of 4 amperes 
in 3 hours from a solution of AgNU 3 ? 

4. A thin rectangular plate 4 cm X 3 cm is to be plated on both sides 
with gold to a thickness of 0,001 cm. How long must a current of 
1.5 amperes be maintained through the plating solution ? 

(Given specific gravity of gold = 20; Atomic mass of Au = 197; 
Valency of Au in plating solution = 3; E.C.E. of hydrogen 
= 0.00001 g/C.) 

5. Calculate the volumes of the gaseous products at 0°C and I atmos¬ 
pheric pressure liberated during the electrolysis of water for one 
hour, with a current of 5 amperes. 


„; Ij’ilhC'ttion 
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INTRODUCTION 


By now you have learnt a little about electricity from two preceding 
units and we suppose you have some idea about what is magnetism. In 
the present unit we are going to make a synthesis of the two It is surpris¬ 
ing that the linkage between electricity and magnetism eluded great many 
physicists; it was Oersted who first experimentally observed magnetism as 
a consequence of electricity. His experiment was very simple—pass elec¬ 
tric current through a wire and put a magnetic needle near it; notice a 
deflection in the needle 

The contents of the present unit will be devoted to the effect of elec¬ 
tricity on magnet and vice versa; the subsequent unit will also be pertain¬ 
ing to practical applications of these concepts. 



!• Define magnetic field intensity at a point in a magnetic field. 

2. Apply Biot-Savart law to determine the magnetic field due to current 
in simple cases such as, (a) circular coil, (b) long conductor, and (c) 
solenoid etc. 



* lUUn.nu.' th ■ »••!■ i 'm. ,i 'tt ,t .nom nc held by ( a ) mov j ng 

ehtr/e, ami ihi i t ntu«.tm ‘ 

4, IXrive t.T. * '* ’ ■ ' '"tt par..! I •. ■;i nn.r«*t-> uivinp cmienL. 

5. Dcii’.t tli*. 1 toroim .. >*!■»•» t. "it a i >il i.l.u.d m .i magnetic field 


SUGGESTED READING MATERIAL 

1, Magnetic fk'lil intensity 

Perhaps. ;.«i t ai * I„\h mi v. .'li his.c ideas magnetism. We straight 
away heie intinduve tin C. im ml V la.*, m i;iH' of interaction between 
magnetic pules. 

i el there he two magm t.e p*>U *. *4 puk strength M and m separated 
by a distance </ (ft, I), m. nnli.i;' l>* C.mhi’ti! \ law the force of inter 
action /■" is given In 

v 

m 

«X ■- a >• 

t i 



where p 0 is called the peimeahihty (power ol conduction of magnetic lines 
of force) of the vacuum, its v.t! t: hemp Itr <1(1 ■ webers ampere metre. 

Now the magnetic Held us defined as the region of space where a unit 
N-pole experiences a force and mngne/ie fu hi intensity at a point hit 
magnetic jiehl is the force iwpenenccf by a unit north pole placed at tluit 
point. You may say that isolated polarities do not exist, so the definition 
above is bad from the operational point of view, You tire absolutely right, 
That is why in the next mmioii, we are going to introduce the practical 
type of definition for the magnetic bold intensity. However, from 
Coulomb's law we get an expiessum lot the magnetic intensity. 
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Consider a pole of pole strength M placed at a point x and consider 
another point y distant d fiom it. If you want to determine the magnetic 
intensity at y, put a test pole of strength m over there and determine the 
force F experienced by it, which will be given by Eq (1) The magnetic 
field strength B, sometimes also called the field of induction, at point y, is 
defined as 


£ _ F _ Fo M 
m 4n ci z 


.. ( 2 ) 


The direction of B is same as the dnection ol force F experienced by 
a north pole placed at point y. 

Similar to the electric lines of force, we define magnetic lines of force 
(also called lines of induction) to visualize the magnetic field. B is related 
to these lines in two ways • 

1 Tangent to the lines of force at any point gives the direction of 
B at that point. 

2. The number of lines of force per unit area is proportional to 
magnitude of B. Closer lines of force represent stronger field. 

Moving charge in a uniform magnetic field 

Consider a charge q moving with velocity v in a magnetic field B as 
shown in Fig. 2. This charge will experience a sideways force called the 
Lorentz force F given by 



Fig. 2 

F — q {v X B) - (3) 

The definition of cross product such as v X B is given in unit I 
which you may review. As shown in Fig. 2, F is perpendicular to the 
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pi,use of \tvUifs »' and It ami lus magnitude 
F i - It ij i sm 9 

where 0 is the angle between v ami 11 We detmo the magnitude of magne¬ 
tic field 11 fmm Kq (4i as 

(j V Mil 9 " (5 

SVItcit F is expressed m newtons, i/ in coulombs, and v in m/s, unite 
of H are weber'm* (ot W I> m a ) or tesla. / hu\ one tesla ( IVh/m 1 ) is the mag¬ 
netic licit1 in which one coulomb oj iluuy.v, mining with « component of 
velocity per pen Ju ul n to the lit hi ( v > v sm 0) equal to one metre per 
second, n tided on by it force <>t one neuron 

Hence I tesla I Wh in’ 

1 N Cm s 
• 1 N Am 

Since F l r, the net effect of the force /•' will be lo chungu the direc¬ 
tion of motion of the charge, since it dots not produce change in speed. 
(How ?) However by cltunyiny the diru non of motion of the charqe a direc¬ 
tion will he found in which the mount tie held will eyert no force. Such a 
direction will he dtjincd as the duection of maynctic held. (In this ease since 
v and 11 are in the same direction v\J! u, i.e. no Lorentz force, conse¬ 
quently charge will pass through the held umleviated ) 

2. The Biot-Savart law ami its applications 

The Biot-Savart law gives the magnetic field produced by a current 
distribution Consider a small length segment di (Fig. 3) in a conductor 
carrying a current / as shown. Its direction is along the tangent to (he 
conductor (dotted lines). It is experimentally determined that the magni¬ 
tude of magnetic intensity dll at a point () distant r from tII will be 

dB=£d?- iin L ...( 6 ) 

4a r 2 
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where 8 is the angle between the direction of dl and r You may notice 



Fig 3 

that dB obeys inverse square law of distance Eq (6) can be written m the 
form of vector product as 

In this case (Fig. 3) since ill and r. are in the plane of paper, dB will 
be going into the paper. 

The resultant field at O can be found by integrating Eq. (6) or 
B= f dB 



Questions 

1, How will you determine the direction of dB by Eq. (7) ? 

2, Why didn’t we consider current I to be a vector, instead of dl in 
Eq. (7) 7 Explain. 

3, How have we synthesised electricity and magnetism in Biot- 
Savart law 7 

(0 Field at the centre of a circular coil 

Consider a circular coil of radius r carrying counter clockwise current 
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1 its sh«.\vn in I'p- 4, Ihe iiehi <//?uue to a small length segment til at tha 
centre Onfthecircul.tr coil will lv m the direction of dlxr which is 


1 



or •* 


coming out of the paper towards tlu readoi as represented by The magni¬ 
tude ot the field is given by l p d>l 


dll 


Mi> 

An 


I ill 

r* 


Let us divide the entire ring into many such length segments and 
fields at () due to nil of them w ill be in the same direction (How t), Hence 
the resultant field at C) will he given bv 



Thus 


B = 


/* 0 1 
2 ! 


..( 8 ) 


6 



Questions 


1. Given two circular coils carrying same current with radius of one 
being four times of the other. It you want the fields at the respective 
centres to be in the ratio 1 . 3, wluit should be the turn ratio between 
the former and the latter ? 

2. Assuming that the earth’s magnetic field is due to a large circular loop 
of cm rent in the interior of the earth, what is the plane of the loop 
and what is the direction of current around it 

( ti) Field on the a v is of a circulai coil 

We don’t intend to deduce the expiession for the field B at a point 
A distant ,\ from the centre O of the circular coil of radius a, but we give 
some halts. 


a* 



Fig 5 

Hints : Field at A due to dl is (Fl£. 5) 

dB= (/ dl sin 90 °)IH 
4th 

a 

Where r a = a a + cos a 
Resultant field B at A due to entire coil is 

B = JTdB = J'dB cos a= ^ v-aji/sT 
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/'r.i 1 ?, <n 


A c.irnctu .iU mic to «h I'Tinmc the direction 

fotlOAS ’ 


'>t B in this case is as 


Curl i/.c iw :, n i'i \utir nuh litirul in ti.c directum of the current 
fkuuC.hu to mnM. flu \ln ti In >1 thnn h tin n pinnt.f in the direction of the 
Held. 

ProhU in 

Macnct.c hthi dm* to a ciruil.it uni of 25(1 turns, radius 15 cm, 
earning a torrent of 5 2 ampere at a point on the axis of a coil is 
K > 1(1-* Whin 5 Hett rn.rne the distance ul the point from the centre of 
the coil. 


</i, -In >: 1U~" WIiAmi 

tni) Field due to a straight current 

Consider a straight infinite conductor carrying a current I. We want 
to determine the field at t> distant Whom the con duel or as shown in Fig, 6, 



the. n 
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In A MNL 


r d 6 

~dT 


=cos d 


In A M AO 


R/r=cos 6 


Hence 


r dO 
~dl ~ 

dl 

r 2 


_R 

r 

de 

R 


...O) 


The field at O due to dl can be obtained by using Eq. (7). 


dB=-p- 

4tc 


Idl sin [180—(90—5)] 

r i 


Using Eq. (9) we get 

dB= 4 cos 6 d6 •••(1°) 

4n R 

The field due to whole length of the conductor (assuming it to be of 
infinite length). 


rc /2 

- (1I) 

—n/2 

(Try to explain why have we taken the lower and upper limits as (—W2) 
and (rt/2) respectively). After integration we get 

5 = 0* o 7)/2rc i? -(12) 

The directions of B is the direction of {dl X r) which is going into 
the paper at O. A convenient rule is given below : 

Grasp the wire in the right hand with the thumb pointing in the direc¬ 
tion of current, the field lines then follow the direction of curled fingers from 
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,, f ttrcunJ v • i urh nt | /7). I he tangent at any point on 

■ it) '.net will j’r.!' n U t-« it nf tl\<' field at that point. 



in: 7 

In yin. H, we have shown the magnetic Held lines due to a cylindrical 






l ie,, s 


coil carrying a current, Such n coil is normally known as a solenoid, The 
field is uniform in the interior of the coil and is £t ven 


B fijn 

where I is the current and » the number 
the solenoid. 


...(13) 

of turns per unit length of 


U> 



Problems 


1, Calculate the current through a straight conductor if the magnetic 
field due to it at a point distant 0.5 m is 6.28 x I0 _a Wb/m 2 . 

(Given ix B — 4k x IQ -7 WbAm) 

2 Calculate the magnetic field at a point on the axis of a solenoid at a 
distance 10 cm from one end of the solenoid. 

(Given, current / = 1 5 A , no of turns N — 200 and length of 
the solenoid / = 30 cm) 


Magnetic force on a current cai rymg conductor 

A charge moving in a magnetic field experiences a force. Since cur¬ 
rent in a conductor is an assembly of moving charges, it will experience a 
force when placed in a magnetic field. Let us determine the force experi¬ 
enced by a length element dl of a conductor carrying current /when placed 



Fig 9 

in a magnetic field B. The force experienced by charge dq can be obtained 
from Eq. (3) 









Since 7 - ‘fjj , we got 

JF «' i (<// y Ih .,,(14) 

which Rives the force experience.) by length dl ol the conductor, If the 
conductor is kept at right angles to the field (Fig 0), the magnitude of the 
force is 

/•' / / H -( 15 ) 


Interaction between current carrying conductors 


Consider two inlinitely long parallel conductors carrying currentslj 
and Is and separated by a distance r, cuirents being in the same direction 
(Fig. 10 ), Assuming conductor II to be lying in the field B of / where 



I nr IP 
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Field if is directed towards the page and is at right angles to con¬ 
ductor (II). Hence, from Eq. (15) force per unit length at (II) will be given 
by 

F ni=if/ a == ..,(i7) 

2 tv r v ’ 

The direction of l<\ jj will be as shown in Fig. 10. Try to ascertain 
yourself that indeed F[n is in the direction as shown. 

Similarly force experienced by conductor (I) placed in the magnetic 
field of (II) (T^i I ) can be obtained, of course, the magnitude of Fjj j will 
be same as given by Eq. (17), but direction will be as shown in Fig. 10. 

What do you conclude from the above discussion ? When currents 
through two pat all el conductors aie in the same direction, they will attract 
each other. 

Questions 

1, Why do two parallel wires carrying currents in the opposite 
direction repel each other ? Explain. 

2. Consider oblique currents as shown in Fig 11, Case-I and 
Case-II. In which case do you get attraction and in which repul¬ 
sion ? 

(Hint : In both the cases take the component of second current 
in the direction of the first) 



Case I 


Case Ij 


Fig, ll 
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/, \<J<n/'lr l 


A wine making .in ant*? 1 ■ >* '»J with the Imii/cnta] (carrying current 
of 5At n> siipf'i.rt. d by .. mugm fir tu Idol O.fiS Wb m 2 (perpendicular 
to the plane el f ij* 12\ netermme the nnu-s per unit length m of 
the ’A ne 

t lake g 10 in,h s ) 

Suiutwii 


f an. t() 



Weigh? of the wire 


1-m 12 

Lorentz foice on the wire 

F =■ B / / sin W 
-- B 11 

Component of the Cm cut/, lorcc in the vertically upward direction 
-- /■■ cos 30° 

=-= li 11 x (V 3 / 2 ) 

Weight of the wire acting in the vertically downward direction 
= ml g 
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Hence 


B II X (V"3/2) = m Ig 


m — 


B lx(V3/2) 


in 


_ 0 65 X 5 X V3/2 
10 


kg/m 


m = 0.28 kg/m 


Example 2 

A long straight wire carries a current of 2A. An electron travels with 
a velocity of 4.0 X 10 4 m/s parallel to the wire 0.1 m from it, and in a 
direction opposite to the current as shown in Fig. 13 What force 
does the magnetic field of current exert on the moving electron ? 



Fig. 13 

Current I — 2A 
Distance r = 0.1 rn 
Velocity of electron v = 4.0 X 10 1 m/s 
Magnetic field due to wire 
B=na I/2n ) 
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lament/ force V 


- 4 - iu- f \\"h in' 

j \ l y IS) 

or 

/■ < (p /n 

Since i ami IS arc at ri *h! anclt"-. magnitude of F svill be 
r /hi 4 • In h- l.o m v . 4 X H)» N 
2 in =■ N 


Example J 

Consider two electrons moving on parallel paths in free space side by 
side, with same speed i as show n m I’lp, 14 The distance between 
them, at right ancles to thnr \clontv, is r Determine the Force 
acting on one of them, owing to tin.* presence ol the other, as obser¬ 
ved in the frame ol reference imminr with the electrons 

Solution 

Lorcntz force is velocity dependent. Since electrons arc moving in 
the same direction with the .same velocity their relative velocity is zero or 
in a frame of reference moving with the electrons, they are at rest. 


e 


c 



- >v 


->v 


I--P H 

Thus there is no Loicntz force between them; the only force Fading 
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on them is Coulomb’s repulsion given by 


F= 


1 

4 75 Go 


(e a /r 2 ) 


..(18) 


This is why although two parallel wires carrying currents in the same 
direction attract each other, two beams of electrons travelling in the same 
direction with same speed repel each other. 


Magnetic force and torque on a complete circuit 

Consider a rectangular coil carrying ourrent 1 placed in a magnetic 
field B provided by concave pole pieces which give a radial field as shown 
in Fig 15 Let AB = CD=b an d AD=BC=l. The horizontal sides AB and 
CD of the rectangular coil are parallel to the direction of the field, hence 
Lorentz force does not act upon them (Since Lorentz force F=B 11 sin 9 
and 9—0 in this case), whereas Lorentz force acting over the vertical sides 
AD and BC are B 11 sin 90° (0—90°) in the directions as shown in Fig. 15, 



Fig. 15 

The forces acting upon AD & BC are unlike parallel forces of equal magni¬ 
tudes, hence they will constitute a couple, which will try to deflect the 
coil. 
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t h.' moment ol the delf * ’in,’ i.tuple 
r \n H I ! ■ i/m 

(where n is the number »>{ (urns m On 1 c.ul.) 

Area of lire cul I ■- / » b 
Hence I q. fl 1J ) can be written as 

v. «/;/.< (2Q) 

Instead of nutcase poll pious if we use Hat pole pieces, then ws get 
rectangular field, bn winch (Ho a ,'j 

I’ n H / ,( cm 0 , ,(21) 

v. here 6 is the an pie between the plane of the coil and the magnetic 
field. 


assignment 


1. A umfntm resistance wire, is given in the form of a citoular loop Any 
two points | A and H) are connected to the terminals of a cell as shown 
in Fig. 16. What should he the magnetic Held at the centre of this 
loop 7 

(Ans, Zero) 
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1 Fig- 17 shows a rectangular coil suspended from one arm of an ana¬ 
lytical balance. It hangs between the poles of an electromagnet with 



Fig. 17 


the plane of coil parallel to the pole faces. The magnetic field is uni¬ 
form in the shaded region and negligibly small in the neighbourhood of 
the top wire. The coil has 15 turns and a bottom edge of length 8 cm. 
The system is balanced apd then current of 0.5 amp is passed through 
the coil, If ahbextra weight of 60.5 g must be added to the right pan 
to rebalance the system, what is the strength of the magnetic field B in 
tesla? (Take 10 m/s a J. 

(Ans. 1 tesla) 


A long straight wire is bent into a hair pin like shape as shown in 
Fig 18. What is the magnetic field at the centre O of the half circle 
of radius r. 

(Ans. He IjAr) 
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1 A s*r,» /hi urc urrymg current h runs along the axis oi a circular 
uirunt !■. ax shown in log 1'* What is the lorce of interaction p er 
umt length of the wire between the currents V 

(Ans. Zero) 



SEI.F-ASSESSMENT 


1. An electric current exists in a long wire which at a distance of 2 cm 
produces a magnetic field of 2 x JO' 1 ) Wb,m a , WluU will be the field at 
4 cm from the wire ? 

2. What will be the force experienced by a wire placed parallel to the 
lines of force in a magnetic field B when a current I flows through the 
wire ? 

3. Two long straight wires are set parallel to each other. Each carries a 
current t in the same direction and the separation between them is 2 r, 
Determine the intensity of the magnetic field midway between them. 

4. Two long parallel wires 4 cm apart, carry currents of 2 and 6 amperes 
respectively, in the same direction. What is the force between the wires 
per metre of wire length ? 
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5. Which of the following graphs (Fig. 20) represents the variation of 
magnetic flux density B with distance r for a straight long wire carrying 
an electric current ? Explain. 
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INTRODUCTION 


You know (hat atoms arc made up of fundamental particles, one of 
which being electron. But how arc you going to detect the electron ? Its 
detection by looking at is out of question. There arc a set of quantities 
which have different values for different particles. One of them is specific 
charge (charge to mass ratio) and in the present unit you will learn how 
to determine it foi electron with the help of the theory you learnt in the 
previous unit. You will also apply your knowledge of the last unit to 
understand the principles of galvanometer, ammeter, and voltmeter. 

The next question is how are we going to know what is happening 
inside the atomic nucleus. Obviously, a clearer picture will only emerge out 
if it is smashed by bombardment with high energy beam of particles such 
as ot-particles, protons, deuterons and so on. However, bombardment will 
only be effective if particles are highly accelerated. 

In the present unit you are also going to study about a particle 
accelerator called cyclotron. Thus in this unit we will confine ourselves to 
the world of microscopic entities. In the next unit we want to go to the 
other extreme, i.e,, to peep inside the macroscopic world. 

OBJECTIVES 


To be able to 

1. Describe the principle, working with the help of a labelled dia¬ 
gram, and factors affecting sensitivity of a moving coil galvano¬ 
meter. 

2. Convert a galvanometer into an ammeter, and voltmeter. 

3. Determine the trajectory of a charged particle in a uniform 
magnetic field. 

4 Derive an expression for e/m of electrons and describe, with the 
help of a labelled diagram, the Thomson’s method for determina¬ 
tion of ejm 



5 1), nriiv v,,th (h.> help ot u labelled diagram the construction 
prim ipK*. v. rkmi’, ,uui limitations of a cyclotron. 

I Mining coil galvanometers 

A pahanonn tcj, ,is >mi m.tv be Knowing, is a device to detect and 

mcasuic the electric current let us now discuss the theory of a moving 
coil ptilv.inoUiCtej. (\u s >ii i a tee Mogul.u coil h carrying current I placed 
m n raeli.il mapm tie tie! 3 H provided In concave pole pieces as shown in 
1'iy Mai At the cure ot the coil wv put a soft iron cylinder Z because 



(b) 

Fig. J. Moving etui galvanometer 

a) Front view 

b) Viewed from top. The thin rectangle at the centre represents the coil 
The dark one lepresenls its initial position and the dotted one its deflec¬ 
ted position. 
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the permeability of iron is maximum which makes the lines of force more 
crowded (hence making the field stronger inside the coil). Radial field is 
always preferred as it gives a linear scale, The field provided by flat pole 
pieces will not give linear scale. 

As shown in the last unit a coil carrying current, when placed in a 
magnetic field B, experiences a torque given by 

r = n B 1 A .. (1) 

where A is the area of the coil and n is the number of turns 


Due to this deflecting torque the coil will rotate. This rotational 
effect will be counter balanced by a restoring couple in the suspension fibre 
F. Let the coil deflect through an angle 6 [see Fig. 1 (b)) before coming to 
equilibrium. If C is the torque per unit twist of the fibre, the restoring 
torque will be CO. Thus for equilibrium deflecting torque will equal the 
restoring torque. 


n B IA = CO 


Therefore I — ( —^ 0 
\ n B A J 

or I - R6 


where 


R = 


n B A 


( 2 ) 


...(3) 


Hence I cc 9 

Thus in this case we get a linear relationship between / aud 6. 

Instead of concave pole pieces if we use flat pole pieces, then we get 
rectangular field, which gives 

Y = nBIAcosO (how?) ..(4) 

In which case 


or 


I = (C/n B A) (Ojcos 0) 
I oc ( 8/cos 8 ) 


3 


...(5) 



f'q. 1^1 sImv,** ihii u mg "lit 51,.! ■ picae.t wc will n it be able to get aliaear 
nvdc. 


The instrument Ls. rsLed above is the moving coil galvanometer, The 
deflection 0 ! the coil t tn tv ntcMviicii by noting the reflection of a narrow 
Imam of light from a sow,I in;ro« M attached to the suspension fibre. This 
instrument is very *tenav.v ami can measure currents of the order of 
microamperes, but it o v ry ddieitc and requires careful handling. A more 
nigged type is the 111*011,;’ * v-rde pab.inon cUr shown in Fig, 2. The coil is 



1 - 11 * 


pivoted between two jewel brnnm's a d the restoring torque is provided by 
two hairsprings which also sene .• nure-nt leads. The current is directly 
measured by means of a needle and seal;. 

Let a galvanometer of coil resistance O’ 20 ft show full scale deflec¬ 
tion fora current/ K * = If) mA. I he potential difference across the gal¬ 
vanometer terminals for Hi mA is 

V ■ /„ a onto A ;:20U 0.20 volts 

Thus this galvanometer can measure currents up to 10 mA or 
voltages up to 0,20 volt3, 

On sensitivity of a moving coil galvanometer 

The constant R appearing in Iiq. (3) is called the reduction factor of 
the galvanometer In order to get a very large deflection for a rather small 
current (so that the galvanometer is very sensitive), R must be very small. 
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i"]ow, since R = C/« B A, for R to be small 
(i) C has to be small, 

( 11 ) B has to be large. 

To make C small, suspension fibre of phosphor bronze is used, for 
which C is minimum. 

A soft iron cylinder is put at the core of the coil to increase B since 
permeability of soft iron is high. Of course, here we cannot make n and 
A very laige which will increase the inertia of the coil. 

Due to these arrangements, sensitivity of the moving coil galvano¬ 
meter is very high This is why it is chiefly used for the identification of 
very small currents. 

Problem 


Given a moving coil galvanometer (0.02 m X 0.08 m) of 200 turns. 
If the magnetic field provided by concave pole pieces is 2 Tesla, determine 
the sensitivity (reduction factor) of the galvanometer. 

(Given torque per unit twist of the suspension fibre 


C=6x 10~ n Nm/radian) 


2. Ammeters 


Ans. 9.4 X 10 5 A/radian 


An ammeter is a moving needle type galvanometer with a shunt S (a 
conductor of low resistance) connected in parallel to the galvanometer coil 
G as shown in Fig. 3. 
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] he reason lor innneetmp a shunt is that the galvanometer, as such 
has pot finite re*,stance at <1 if introduced m a ctieuit without shuut.it 
w til increase the tidal riMM.u.eo c>f the circuit i e , current will get decreased, 
Thus current measured hj it s’- ill he less than the actual value. 

'I he introduction <‘f!»»' resistance shunt also protects the galvano¬ 
meter as most o! the current passes through the shunt. Let / be the total 
current m the ammeter out of which ij passes through the galvanometer 
cm! ami i, through the shunt : 


r, .S' ij G, 


h 1- L 


..( 6 ) 


or S 


h 


G — 


■(, 


(• / * J K 

The equivalent resistance of the ammeter R vs ill be given by 


1 

R 


1 -I- l 

G ' .S 


where G ■ Resistance ol the galvanometer coil only 
S ea Resistance of the shunt. 

But since .S’ -> 0, I -S' •-> re 


Hence 


R 


S 


or R s- .S' 


Thus the introduction of the shunt decreases the equivalent resistance of 
the ammeter considerably. 

3, Voltmeters 

A galvanometer is capable of measuring low voltages. However, if 
higher potential difference has to be measured, a high resistance r is con¬ 
nected in series with the galvanometer. The instrument so prepared is 
called a vollmeler as shown in 3Tg. 4 (a). The voltage measured when 
current in the galvanometer coil is r K is 


V - i R ( r+G) 


-(7) 
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The voltmeter is a very high resistance meter which is connected m 
parallel across the load resistance. The high resistance of the voltmeter 



compared to that of the load ensures that the voltmeter draws very small 
current and the voltage to be measured is not much altered. (How ?) 

Let (see Fig. 4 (b)) 

G' — G + r = Resistance of the galvanometer (Coil resistance + 

High resistance) 

R = Load resistance 
I — Current through the resistance 
R' — The equivalent resistance ofG' and R 

Then 

1/R' = IIR + 1/G' 

But G' being very high, I/G' -*■ 0 
1 IR' a l/R 
R' R 

Had G been not very high 
R' ^ R 



7 



The voltage to he measured is r, IV. IR 

S>t if it' is not high, instead <>l nKasuring JR we will he measuring IR- 
v« he re as U (f' is very high 

/ R n I R' 

This discussion, perhaps. makes clear why one should use high resis¬ 
tance in series with the cviil in a sohmeter 


Example 1 

The coil oi a galvanometer is 0 02 m x 0 OK m . It consists of 200 
turns of fine wire and is in a magnetic field of 0 20 Tesla. The restoring 
torque constant of the suspension fibre is 10 -r ’ Nm, deg, Assuming the 
magnetic field to he radial 

(i) What is the maximum current that can be measured by this 
galvanometer it the scale can accommodate 45" deflection ? 

(ii) What is the smallest current that can he detected if the mini¬ 
mum observable deflection is 0,10 degree V 


Solution 

Area of the coil A 16 / 10"'or 
No, of turns n ■ 200 
Magnetic field jtf - 0 20 Tesla 

Torque/unit twist of the suspension fibre (C) -- 10~" Nm/deg. 
(i) Maximum current is given by 

in-a v 4S 

Im "“ - 20() x 0.2 x 16 v I0~> A 
7 x 10- * A 
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(ii) Minimum defied ion 6 min = 0.1 deg. Therefore minimum 
current is 


I mm — 


n B A 


X Omit i 


I min 


lO-" X 0.1 

200 X 0.2 x 16 X 10'* A 


= 1.6x10-“ A 


Example 2 

A galvanometer has an internal resistance G of 1.0 ohm. It gives 
maximum deflection (full scale) for a current of 50 mA. Show how this 
instrument can be converted into (a) a voltmeter with a maximum reading 
of 2.5 volt; (b) an ammeter with a maximum reading of 2.5 A. 

Solution 

(a) Internal resistance of the galvanometer 
G = 1 a 

For voltmeter, a high resistance r must be connected in series to the gal¬ 
vanometer coil. Then combined resistance is 

= G + r 

Maximum current I — 50 mA = 5 X 10 -8 A. 


Maximum voltage V =2.5 volts 
V = l (G + r) 

2,5 = 5 X 10-“ (r + 1) 
r — 49 a 

(b) For an ammeter a shunt resistance S must be connected in parallel. 
Then combined resistance R will be given by 


or 


1 

R 

R = 


S + G 
S 

s + 1 
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Maximum vnU.ii’v (vstth uit shunt I will he 


I" - lu s \ iu 
' - lO s volt 

When the ‘hunt is connected. maximum current /, we want, is 2.5 A. 
Hence V / R 



or 

or 


1 .V 

Ml ' " S ' I 

.v i 4 1 n 


4 Orbits of eluded pat tide»in magnetic field-. 

Let a positive i barge </ or velocity v enters a magnetic field £ as 
shown in Fig, 5 I he held B is perpendicular to the plane of I he paper 

* 

** 

* 

*■ 
a 
* 

* 

* 

X 

S. 

Fig. 5. Moving charge in a uniform magnetic field. The crosses represent the magne¬ 
tic field perpendicular to I he plane of the paper and directed into the plane 
of the paper. 

going away from the reader, and v is in the plane of the paper. The vector 
v is perpendicular to vector B, Let the charge he at point P initially. You 
know from Unit 19 that the force experienced by this charge is 

F = q (v x B) 


v * 


X X X X X 
v 


W X X 



10 



which is perpendicular to v, and in the plane of the paper as shown. 
Since F is perpendicular to v, it does not change its speed v (why ?) but 
merely changes the dnccfion of velocity. At points Q and R the directions 
of velocity and force aie as shown. Since the charge moves under the 
influence of a force of constant magnitude which is always perpendicular 
to velocity, its orbit is a circle and F provides the necessary centripetal 
force. Thus 


which gives radius of the circle as 




in v 
<1 B 


...(9) 


If the initial velocity is not perpendicular to the field, the particle 
moves in helix as shown in Fig. 6. In this figure the field B is along the 
axis ol the helix. 



i 



into two components, iq in a direction perpen hcnl.ir to Dandv u in a 
dotation parallel to II, The particle will rvfcnuwe a Lorentz force 
f - - q (,P|>. B). Due to this twee the par tvole will execute a circular path 

JYl V' 3 

of radius r - Simultaneously it w ill execute a linear motion 

q II 

in the direction of 11 due to (he velocity component i' n Die resultant path 
ts a helix. 

Problem 

A particle has a mass of 0.5 g, charge 2.5 • 10 <■ C, and an initial 
h montal velocity ot 6/. I0 _< in s. What are the magnitudes and direc¬ 
tions ol magnetic fields that will lease the panicle undeviatcd, 

Ans, Any field in the 
hoi frontal direction. 


5, The eyelotron 

The only way to understand the physics ol nucleus, is to make the 
nucleus disintegrate and for that highly accelerated particles arc needed. 
The electric field U can serve as a particle ueceleralot, Let us explain this 
by considering a particle of charge q moving through an electric field J?. 
Since q H is the electrical force, From Newton's second law 

qE ---- m a ...(10) 

where m and a are mass and acceleration of the particle respectively. 

Eq. (10) shows that higher the electric field higher will be the accelera¬ 
tion. However, with such an arrangement particles can be accelerated to 
energies of the order of a few million electron volt (MeV) (where 
1 eV = 1.6 x 1(P B joules) depending upon the voltage available. If how¬ 
ever the charge can be made to go through the same field repeatedly, it 
can then be given much higher eneigy. This is done in the charged particle 
accelerator called the. cyclotron. 

The main parts of the cyclotron consists of two hollow half cylinders 
Dj. and D» (Fig. 7). They are referred to as 'dees’ since they are in the 
shape of D. They arc mounted inside a vacuum chamber between the poles 
of a powerful electromagnet. The ‘dees’ are connected to the two terminals 
of a high frequency oscillator which changes the electrical polarities of 
the ‘dees’ very rapidly. The electric field exists only between the dees and 
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as the charged parlicle passes from one dee to the other it is accelerated 
provided ihc polarities are correct The entire device is in high vacuum so 
that molecules of air will not interfere with the acceleration of the parti¬ 
cles. The ionic source is placed near the mid-point of the gap between the 
dees. The magnetic held Ii inside the dees is perpendicular to the velocity 
of the ionic beam, so the parlicle will describe circular path The frequency 



Fig 7. Cyclotron : O-Oscillator, P-Deflcctor plate, Di and D a -Dees. The dots 
represent the uniform magnetic field perpendicular to the plane 
of the paper and directed towards the reader. The charged 
particle describes semicircular paths in dees as shown 
of alternating voltage applied across Di and D 2 is so adjusted that the 
particle, describing half-circular path in Di when on the verge of going 
over to D a , experiences repulsion by Di and attraction by D a . Thus in D a 
it describes a path of greater radius of curvature And again when it is 
about to leave D 2l polarities of D 8 to Dj change with the result that the 
particle speeds up in going from D a to Dj and then describes a circular 
path of greater radius. This process is maintained until the parlicle acquires 
sufficiently high acceleration; then it is taken out of the orbit with the help 
of a magnetic field, and directed on to a target made up of the material to 
be investigated. 

The angular velocity cu of the particle is 



which depends only on ( g/m ) and is independent of the velocity and radius 
of the particle, 
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'thus if ns the time for half a rotation for pai tides in dees, the 
frequency of alternating \nltugc .implied across the (.lets is adjusted to 1/2 1 
then and only then p;u tides will always he accelerated when they cross the 
gap. 

If R repiesents the outside radius of the dees, then the maximum 
velocity which a particle can attain will be (from Eq. (it) ) 

Vn u (r/'m) HR .,.(12) 

and maximum kinetic energy wilt lie Jmi # M 0 * * hn (<],my Z? s J? 8 . 

According to the special theory of relativity the mass of a particle m 
changes with its velocity v according to the formula 

m m,,'/!“,»(.» ..,(13) 

where r?i 0 is the rest mass of the particle, and c is the velocity of light. 

Until r.’t* << I, we can regard mass to he a constant, but if v/c~ 1, 
the change in the mass of the particle will no more he negligible, hence in 
liq. (11), oj will depend on velocity v through the mass »i For very high 
velocities pai tides will be thrown off the track. 'I his is one of the serious 
limitations of cjclotron, The other one being the demand that magnetic 
field B should be uniform throughout the dees Now if you want particles 
of vety high energy, correspondingly larger decs ate to be used. Then 
maintaining a uniform magnetic field throughout the entire region will be 
a very difficult task. 

To overcome these drawbacks many ingenious variations have been 
made in ihe construction of accelerators. We have as a result, the synchro¬ 
tron, the betatron and other machines. These machines employ changing 
oscillation frequencies or changing magnetic field strengths or both, and 
can accelerate particles up to a few BeV. 

Questions 


1. For what purpose is the magnetic field used in a cyclotron 1 

2. How is the constancy of angular velocity of a particle is made 
use of in the cyclotron ? 
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Example J 

Deuterons me to be accelerated in a cyclotron The value of the 
uniform magnetic field applied is 2.475 Wb/m 2 . What is the frequency of 
the oscillating potential that must be applied to the dees of the cyclotron ? 

(Mass of deuteron = 3,3 X H)- 27 kg, and charge 1.6xl<n» C). 

Solution 

The frequency of the deuteron is 


2jx m 

_ 2 475 Wb/m 2 X 1.6 x ltri" c 
2 X 3.14 x 3.3~x I0~ 27 kg~ 

—2 X 10 7 Hz 

This is also the frequency of the oscillator 
Problem 

What is the period of revolution of a deuteron in a uniform magnetic 
field of 1 Wb/m 2 ? 


Ans. 1.3 x 10~ 7 s 


6- Measurement of e/m by Thomson’s method 

A cathode ray discharge tube is shown in the Fig. 8. The stream of 
electrons at right angles to the cathode C is collimated by slits Si and S 3 . 
The slits act like directional filter because only the electrons with velocity 
vector perpendicular to the plane of the slits will be able to pass through. 
Then they are subjected to an upward electrical field (provided by plates 
A and B across which a potential difference is applied) and magnetic field 
coming out of the paper (provided by a pair of Helmholtz coils in the 
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rcpiofl shown b\ dots, Helmholtz jmr ot coils fives fairly uniform magnetic 
tidti) Finally electrons imi'ingc on the seieen S as shown. 


A 


> <- 


CO 




Fit,. 8 


Umlei the conditions described above you can verily that the electric 
force eE is acting downwards whereas magnetic force evli whose direction 
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is given by the direction ot e (v x B), is acting upwards. By proper adjust¬ 
ment of combined electric an 1 magnetic fields, the deflection of the elec¬ 
trons can be made zero. Under these conditions the fields are said to be 
crossed , and we get 

E e = B e v 


or 



...(14) 


Only the electrons of velocity EjB go through the plates undeviated, 
Other elections impinge on the plates and are lost. Thus the devise 
described above selects electrons of a particular velocity v =E/B, and is 
called a velocity Jliter. 


If the P D. applied across C and D is V s then the kinetic energy 
acquired by the electrons will be 


\m v* => e V 
or 


e/m = 


V s 

~Tv 


...(15) 


Substituting the value of v from Eq, (14) in Eq. (15), we get 

*/»' = 2 %~y -( 16 ) 

In the Eq. (16), all quantities are known, hence elm can be deter¬ 
mined. The value of e/m for the electron was found to 1.76 xlO 11 C/kg. 

Questions 

1. How are electrons produced inside the discharge tube ? 

2. How do you determine the direction of magnetic field, referring 
to Fig. 8, so that Fe = — Fb ? 

3. How do (e/m) s of proton and electron compare with that of 
a-particle ? 

Example 4 

What is the magnitude and direction of the magnetic field needed to 
nullify the deflection of the electron due to electric field (given that the 
voltage applied across two plates to get electric field is 400 V and distance 
of separation between plates is 25 cm), if the voltage applied across the 
anode and the cathode of discharge tube is 15,000 V. 

(Specific charge of the electron = 1.76 X 10 11 C/kg) 
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S»haion 


'Ilie velocity acquired by the electron 


\ 



^ 2.-. 15000x1.76x1011 m/s 
7 26 >: 1 ()■ m s 


[f the delleeimn of the electron due to the electric Held is nullified 
by the ddleetion due to nugiivUc held, then 

e / li 

Where electric field /. - low V m 


Hence B 

v 


1M id V m 
7,2(i, UP in s 


-- 2.20 x I(T C Wb/m a 


If the electron motion is l.ikmit place along i X axis (see Fig. 9) 
and electrical lb ice N is at ting along /.axis, then in order that Fb 
should act along i / axis, magnetic field 11 must act along -|~Y axis; 


Fu ~ C (v y B) 




Fig, 7. Iilectric and magnetic forces acting on an election moving along t-X axis, 
in an electric Held K acting along | 7. axis and magnetic field B acting 
along +Y axis. 

Problem 

A Na' 1 ion travelling at an angle of 45’ to a magnetic field of 0.5 
Wb/m a experiences a force of 3.84/ 10~ l!i N, What is the speed of 
Na + ion ? Ans, 15.1 X10 6 m/s 
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ASSIGNMENT 


1, An electron moving at right angles to a uniform magnetic field 
completes a circular orbit in 10““ second. What is the magnitude of 
the magnetic field ? 

(Ans. 3.6 XlO -2 Tesla) 

2 An electron moving with kinetic energy 8 X 10 -6 joules, enters a mag¬ 
netic field 4 x 10 _!1 Wb/m 2 at right angles to its motion What is the 
radius of its path ? 


(Ans. 0,015 m) 

3. A cathode lay beam is bent in a circle of radius 4 cm by a magnetic 
field 4x 10 -s Wb/m a . Determine the velocity of the electron. 

(Ans. 2.82x10’m/s) 

4. A cyclotron has an oscillator frequency of 12 x 10" Hz and dee radius 
of 2 m, (a) What value of magnetic induction B is needed to accelerate 
deuterons 9 (b) What maximum deuteron energy results 

(Ans. 1.6 Wb/m 2 , 17MeV) 

5. (a) Imagine that you are sitting in a room with your back to one 

wall and that an election beam, travelling horizontally from the 
back wall towards the fiont wall, is deflected to your right 
What is the direction of the magnetic field existing in the 
room ? 

(b) If an electron is not deflected in passing through a certain region 
of space, can we be sure, that there is no magnetic field in that 
region ? 

6. (i) What are the primary functions of (a) the electric field, and (b) 

the magnetic field in the cyclotron ? 

(ii) For Thomson’s ejm experiment to work properly, is it essential 
that the electrons have a fairly constant speed. Explain why ? 
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(iti) If the magnetic held is 2. S Whm 1 , determine the frequency at 
which a proton m cyclotron is operating. 

(Ans. Approx. 4x10’ Hz) 

7, (a) If one-tenth of the mum current is allowed to pass througha 

galvanometer of resistance R a shunted with a shunt (resistance 
A*s ). What fraction of is fi*, ? 

(Ans, R,, 

(b) I-'imJ the value of resistance that must he connected in series 
with a galvanometer (resistance 120 If), showing a full-scale def- 
ketion with a current of <1 t.dU5 A, so that it can measures 
maximum potential difference of 0 volts. 

(Ans. 1.19x10* (1). 

H, A proton, a deuteron and an a-particlc, accelerated through the same 
potential difference, enter a region of uniform magnetic field at right 
ungle to B. (a) Compare their Kinetic energies, (b) If the radius of the 
protons circular path is 10 cm, what are the radii of the deuteron and 
a-particle paths 

(Ans. A',, ~ A’,t 1 A„; IU 14 cm, R a 14 cm) 


SELF-ASSESSMENT 


1. (a) If a moving electron is deflected sideways in passing thiougha 
certain region of space, can we he sure that a magnetic field exists 
in that region 7 

(b) A beam of protons is deflected sideways. Could this deflection be 
caused by 

(a) An electric field 7 

(b) A magnetic field ? 
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2. (a) In a nuclear experiment 1.0 MeV proton moves in a uniform 

magnetic field in a circular path. What energy must (a) an alpha 
particle, and (b) a deuteron have if they are to circulate in the 
same orbit ? 

(Ans 1.0 MeV; 0.50 MeV) 

(b) A 10 eV electron is circulating in a plane at right angles to a uni¬ 
form field of magnetic induction 10~* Wb/m 2 . (a) What is its orbit 
radius ? (b) What is the cyclotron frequency ? (c) What is the 
period of revolution ? (d) What is the direction of circulation as 
viewed by an observer sighting along the field 7 

(Ans. 11 cm, 2.8 x 10" Hz, 3 6 x 10 -7 s) 

3. The electrons in the beam of a television tube have an energy of 12 
keV. The tube is oriented so that electrons move horizontally from 
south to north The vertical component of the earth’s magnetic field 
points down and has B = 5.5 X 10“ B Wb/m 2 . (a) In what direction 
will the beam deflect 7 (b) What is the acceleration of a given elec¬ 
tron ? (c) How far will the beam deflect in moving 20 cm through the 
television tube ? 

(Ans. East, 6.3 x 10 u m/s 2 , 3 0 mm) 

4. An electron beam consisting of electrons with velocity ranging from 
3x 10 3 m/s to 5x l() B m/s enter into crossed electromagnetic field where 
B = 0.5 Wb/m 2 and electrical field is provided by two plates having 
P.D. of 400 V separated by a distance 25 m. Determine the velocity 
for which electrons will pass through undeviated. Suggest a practical 
use of this sort of arrangement. 

(Ans. 3.2x10° m/s) 

5. Calculate the frequency of alternating voltage applied across the dees 
of the cyclotron used to accelerate protons, if the magnetic field ap¬ 
plied at right angles is 30 Wb/m 2 . 

(Ans. 4.6 x 10° Hz) 
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6, (a) What is the cyclotron frequency of an electron with an energy Q [ 

ton eY in the earth's magnetic field of \Vb/m ! ? (b) What is 
the radius of curvature of the path of this electron if its velocity 
is perpendicular to the magnetic iield ? 

(Ans. 2.8x10" Hz, 0.34 m) 

7, A resistor of 250 u, a voltmeter and u 2 volt accumulator of negligible 
resistance ate all connected in series, li the voltmeter reads 0,8 volt 
culeulate its resistance 

8, A movinj! coil galvanometer has resistance HK 2 and its scale is gradua¬ 
ted from 0 to 10 mA. I xplain how you will convert itintoanam- 
meter reading O - f ' A and into a voltmeter leading 0-100 V. 
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INTRODUCTION 


In the last unit you were exposed to the micro world of subatomic 
particles. The present unit takes you out to the other extreme of endless 
universe. When you look at the sky at night you may see almost 10,000 
crore stars collected in our Milky Way galaxy. Our sun is only one of these 
stars The dimensions of Milky Way are such that light travelling at the 
speed of 30 crore metres per second will take over 100,000 years to travel 
from one edge of the galaxy to the other. Some of the bright objects, that 
to a naked eye, appear like stars, are in fact collection of stars. One such 
object is the collection of stars called the Great Galaxy in Andromeda 
which, when viewed with a telescope, appears to have a spiral like struc¬ 
ture much like Milky Way galaxy. But it is so far away that even its light 
takes 20 lakh years to reach us. We see the Andromeda as it appeared 20 
lakh years ago. This is just another galaxy. The universe is so vast that 
astronomers have identified 10,000 crore galaxies. Have they seen the edge 
of the universe 7 Most probably not, for more and more remote objects are 
detected by powerful radio telescopes, and man keeps stretching his imagi¬ 
nation to understand the mysteries of his universe. In this unit we will 
initiate a brief study of the universe. Although early physics is an offspring 
of astronomy, we will apply laws of physics to understand some facts about 
the universe. 


OBJECTIVES 

To be able to answer the following questions 

1. Describe the functions of two types of optical telescopes drawing 
neat diagrams. Which one is more advantageous, reflector type 
or refractor type ? 

2. Describe a radio telescope. In what ways do they differ from 
optical telescopes ? 

3. How do you measure the distances of the heavenly bodies in 



solar system h\ applying parallax method and Kepler’s third 
law ? 

4. How do you espmate ihc masses of the celestial bodies forming 
binary system. h\ Kepler's third law ? Justify your answer 
giving mathem. tn.il derivations. 

5. How does the 'inpnl.if si/e of a planet help us to determine its 
linear si/e " Fi stify your answer, 

6. How do you estimate the surface temperature of planets or stars 
by applying Stefan's taw '' 

7. Describe the composition nt atmospheres of various planets in 
the solar system. 

S, How do the space piobes e g , Voyagers, Mariners etc. enrich 
our knowledge about the universe we live in ? 

9. Which planet ol the solar system is most likely to have life in 
some form and why V 

10. Supposing that th- ie is a possibility of intelligent beings like us 
in the solar .system, point out the difficulties encountered with 
regarding the communication with the species living in some 
peopled planets in some remote corner of our universe. 

11. What are sun spots and solar flares ? What are the consequences 
of solar flares 

12. Describe the solar spectrum and, conditions at the centre of the 
sun. Explain how does the sun (already 4.5 billion years old) 
seem to be a never-exhausting source of energy. 

13. How arc the distance and brightness of a star measured ? 

14. How arc the masses of binary stars measured 7 How do you 
determine the radius of a star approximately ? 

15i Describe the following physical properties of stars 

1, Stellar speedra 

2. Brightness (Magnitude) 



16. Explain in brief the mechanism behind the formation of a star. 
When does a star become stable in sr/e and temperature ? 

17. Describe very carefully different stages of stellar evolution. 
What do you understand by the following 

(a) Neutron star 

(b) Black hole 

(c) Pulsars 

18. Describe in fifteen lines the essential features of our home galaxy— 
the Milky Way. 

19. Discuss in brief about the classification of galaxies. 

20. What do you understand by the statement: 

“Quasars are the glimpses of cosmological past.” 

Differentiate clearly between radio galaxies and quasars. 

21. State and explain Hubble’s red shift law. 

22. Give brief ideas about the three cosmological models regarding 
the origin, and evolution of the universe. 

23. What must happen in the universe to satisfy the steady state 
theory 7 Explain. 

What recent finding tends to substantiate the big-bang theory ? 

24. List some distinguishing features of each planet. 


SUGGESTED READING MATERIAL 
. Astronomical instruments 

In the last two decades man has been able to send space probes only 
o his nearest neighbours such as the moon and the planets. The know- 
edge about other heavenly bodies is derived from observations made on the 
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ikitinniagnctic radiations received fmm these bodice. For this purpose 
photographic pl.itCN, optical telr-copes, ami radio telescopes described 
heImv, ate used. 

The main purpose ot a telescope is to collect electromagnetic radia¬ 
tion over a large surface audio conccntiatc that energy at a point thus 
producing, a bright image You ate l.omhar with telescopes of refractor type 
which use a convex, lens for m-piiiw, such as astiomumcal telescopes. A 
simple telescope of this h pc is shown in i n\ l (a) whcic an objective con- 



Fig. 1 Optical telescopes (n) Refraction type : O is the objective lens and E is the 
eyepiece (b) Rellceiurn type : () is the objective p.nabolie mirror, N is a 
plane mirror, and h is die eye piece 

vex lens of large focal length p 0 gathers radiation from a heavenly body and 
brings it to focus on the focal plane of an eye piece E of shorter focal length 
Fn, The image formed by refracting telescope suifci from ( 1 ) chromatic aber¬ 
ration caused by different extent of bending of different colours as they pass 
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through the objective lens as shown in Fip o r-i\ „,v,- ^ , 

coloured image („) ^ ^^* 

sphcnca! shaped lens the rays near axis pass through greater thickness 
an le rays near edges, resulting m different focu [Fig. 2 (b)] and blur¬ 
ring of the image (m) coma caused by oblique entrance of light due to off 
axis sources and results in an image of a point object in the form ^ 



Fig- 2 Defects of refraction type telescooe 

a Chromatic aberration, b. Spherical aberration. c. Coma 

, 0,lc reflector • ra ^ filing on the boundaries and near the centre 
are brought to same focus. 


coma (,) Fig, 2 (c) The first (wo defects can be eliminated by using a reflect¬ 
ing telescope [Fig I (b)J where the objective is a parabolic reflector mirror 
ig. 2 (d) (How ?). The radio telescope uses large metallic mesh of para¬ 
bolic shape to gather waves and to focus them on a receiver which can be 
tuned to desired wavelength. The optical telescopes are generally coupled 
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with camera nr photographic plate fur taking permanent and longtime 
photographs. Sometimes these telescopes arc placed in space laboratories 
to minimize the effects of earth's atmosphere. 

Quest inn 

List some advantages of observing heavenly bodies outside the earth’s 
atmosphere, Why do stuis twinkle '! 

I he size of the image of an object of 1 diameter, formed by the ob¬ 
jective of a telescope of focal length F 0 is given by 

0.00687 Fa 

where F ( , is in centimetres Thus for bigger image the telescope should have 
longer focal length objective 

Question 

Compute the size of the image (in centimeter) of the full mo.<u 
(diameter 0.5°) as observed by a telescope of F 0 - 150 cm. 

But the brightness of the image formed is given by B -- cons- 

( A \ £ 

~p ) which is small for large focal length objective But higher 

aperture A (diameter) obviously results in greater brightness. Also greater 
aperture results in better resolution. 'Ihe resolving power which is the 
smallest angle between two objects that can be distinguished as separate is 
given by 


a—2.1 x 10 6 ^ seconds of arc 

This is why most powerful telescopes of iho world are reflectors of very 
large aperture (200 inch at Mount Palomar, U, S A , 234 inch in USSR). 

Question 

Determine the resolving power of 48 inch reflector of Osmania Uni¬ 
versity for light of wavelength 4000 A. 

The radio waves have longer wavelength, therefore, to sec same 
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detail radio telescopes require much larger diameter. The Arecibo Antenna 
in Puerto Rico has a diameter of 1000 feet. 

Question 

Determine the aperture of a radio telescope tuned at 21 cm wave¬ 
length which has same resolving power as a 48" optical telescope receiving 
wavelength of 5000 A. 

2. Astronomical measurements 

The astronomical instruments described above are used to study 
ph; steal properties of heavenly bodies. The methods used for these studies 
are discussed below. 

(a) Distance 

The method of parallax described in Unit 2 is used to determine 
distances to planets and near stars. For far away stars the reliability of 
results by this method becomes poor. 

Question 

One parsec is defined as the distance to a star whose parallax is one 
second of arc. Express one parsec in astronomical units. One Astronomical 
Unit (A U ) is the average distance between the sun and the earth. 

1 A U. = 1,49X 10* km 

Ans. 1 parsec=2.06x 10 5 A.U. 


Que stion 

Using a base line equal to the radius of the earth (6.38 X 10 e m) the 
parallax of the moon is 57', compute the earth-moon distance. 

Ans. 3.84x10^. 

If the distance to one planet is known, the distance to other planets 
can be determined knowing their periods of revolution. 

Problem 

The period of revolution of Mars is 1.88 years. Use Kepler’s laws 
(Review Unit 8) to determine the distance to Mars in astronomical units 

Ans. 1 52 A.U. 
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The <iiilaiK.cs to <t(h<T planets and stars arc given in 'Iable 1 and 
I able 2 respectively, 

Knowing the dislaiuer (See I’ml M and the angular size 6 m 
radians the sue I) of an object van he computed from the equation 

I) rO 


Question 

The angular diameter of the Min is about 0.5 U and Us distance from 
the earth is l.vx ltd 1 m, determine the solar diameter 

Ans, I4xl0"m 

For distant stars the ancle of p .rallax cannot be measured with desired 
accuracy, However we tan calculate the radius ot a star if its surface tem¬ 
perature is known. Using Stefan's law the total energy /, radiated out per 
second from a star of radius R is 

I. ( 4 it R* ) cr n 

L can be determined if the distance to the star is known. 

(b) Mass 

Nearly half of the stars that we see with naked eye are in reality 
multiple star systems containing two, three oi more stars. The masses of 
binary stars can be easily datermined. In lug. 3 a binary system of stars of 



I'Ir, 3 binary system 


masses A/j and A/, is shown. The stars revolve around a point 0 called 
the barycentn'. The distances a i and .r* of the stars from the barycentre 
are determined by the proportion 

Mi A'l 

M i A a 


0 ) 
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and the separation of the stars 


R — A‘i + x 3 (2) 

From Eq. (1) and Eq (2) we get 

) R ( 3 ) 

The centripetal force on the stars is provided by the force of gravitation. 
Thus for a star of mass M s 


M, PV r Mi 
~ x, R z 


(4) 


The orbital velocity Fa of the star is related to its time period T. 

2rc x 2 


(5) 


Substituting for V a from Eq (5) into Eq (4) we get 

1 / 2rc x 2 \2 __ G Mi 
n\—T~ ) ~ & 


Using Eq. (3) we get 

Mi+Mt 


4 v? W 
G T 8 


( 6 ) 


Using Eq. (1) and Eq. (6) masses of individual stars can be determined. 
Eq. (6) can be applied to any binary system. 


Problem 

Two components of the star Sirius, Sirius A and Sirius B, are observ¬ 
ed to be separated by 3 7 x 10 -6 radians and are at a distance of 20.3 A.U. 
Further it is observed that the two components revolve around their bary- 
centre in 49.0 years such that * a / Xl =2 35. Determine the masses of Sinus 

A and Sinus B. 

Ans. 2.35 M (Sun), 1.00 M (Sun) 
Masses of large number of stars determined by this method are found to 
vary from —to 40 times solar mass. 
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Eii (6) c:m l’ 1 ' ' lsa l to determine the mass of the sun in the sun-earth 
system, ami masses of planets that have moons (See Table 1} 


Question 

Assuming A/ (sun) t • ;* '.•> ,1/ (earth), radius of the earth’s orbit R = 
1.5x lft* 1 in, ami period of the earth 7 365 days. Determine the mass of 

the sun. ((»- 6.67 x Hi ” Nm s ,kp,*;. 

Ans. 2 x 10 30 kg 

(<’) Surface temperature 

All planets shine hy reflecting light from the sun Only a small frac¬ 
tion of solar radiation is reflected, rest is absorbed. Solar radiations are 
first absorbed by the planets and then re-radiated as infrared and radio 
waves On measuring this self radiation the temperature can be computed 
using Stefan-Bolt/nmnn law (See Unit 14), 

The temperature of the sun can likewise he calculated. The tempera¬ 
ture of stars can be estimated iron) their colour (see Unit 14) and spectra 
analysis, 

Problem 


Assuming solar constant to be l.39x 1(1* W/rn* compute : 

(a) The total radiation emitted in watts by the sun. This is called 
the luminosity of the sun. 

Ans. 3.9 x 10“ W. 

(b) W/m 8 from the surface of the sun. Solar radius is 6.96 x 10 8 m, 

Ans. 6 4x U> 7 W/m 2 

(c) Surface temperature of the sun using Stefan's constant of 
5,7X 10" B W/m s K 4 , 

Ans. 5500 K 

(d) Atmosphere 

The composition of atmosphere of planets and stars is determined 
from the spectra of these bodies. You arc already familiar with Fraunhofer 


10 



lines which indicate the presence of certain elements in solar atmospW. 
Space probes are also used to study the atmosphere of planets. 

3. The planets 

All the planets move around the sun in elliptical (low eccentricity 
or nearly circular) orbits nearly in the same plane, One glaring exception 
is Pluto which has highest eccentricity of 0.248 and highest orbital inclina¬ 
tion of 17.2", Most of the planets revolve around the sun in direct motion, 
which is considered counter clockwise as viewed from the ‘north side’ of 
the solar system, the north side being determined by the north pole of the 
earth. All the planets, with the exception ot Venus and Uranus, rotate in 
direct (west to cast) motion. The approximate distance d (in A U.) of the 
planets from the sun is given by Bode—Titius relation 

3 2"-i+4 
10 

where n*=> 1,2,3,4,5,6,7,8, and 9 for Venus, earth, Mars, Asteriods, Jupiter, 
Saturn, Uranus, Neptune and Pluto respectively. For Mercury d=4/10 A.U.- 
Except for Pluto which is actually at 40 A. U., this relation gives nearly 
the actual distances. Some observers wonder whether this relation holds 
a key to the origin of the solar system, or is a mere coincidence. Some 
of the characteristics of planets are described below. Space probes used by 
the U.S.A and USSR have given significant information about the 
planets. 


Mercury 


Looking from the earth, Mercury never appears more than 28° 
(maximum elongation) from the sun. Since the earth rotates 15° in one hour, 
Mercury can rise no more than 2 hours before the sun when it is a morning 
object and can set not more than 2 hours after the sun when it is an evening 
object. It is the smallest planet, having extreme variation of temperature 
(see Table 1). The albedo of a planet is the percentage of light that it 
reflects, and depends on the thickness of its atmosphere. The albedo of 
Mercury is only 7%. No life can exist on Mercury due to lack of atmos¬ 


phere, The escape velocity for Mercury is low 2 5 miies/second which is 
responsible for escape of “ 

pockmarked by crater, of difTere^sgjs,,.. ,, Jtion ; 



DATA OF PLANETS 
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Neptune 4,4T) 26 4 102 OU 15 h 40m 



Venus 


The maximum elongation of Venus is 47°. It can, therefore, be best 
seen about 3 hours after sunset when it is a night object and about 3 
boms before sunrise when it is a morning object Venus has a retrograde 
(clockwise as viewed from northerly position) rotational period of 250 days 
The diameter of Venus, as determined by reflecting radiowaves from its 
surface, is 12,101 km. Hence ihe planet is almost the twin of the earth 
in si7c. It has the highest albedo of 8% and is covered by a thick atmos¬ 
phere containing 95% CO? and some hydrogen and water vapour but no 
nitrogen. This atmosphere also traps lot of heat (greenhouse effect) which 
results in a high surface temperature of about 48°C in daytime. Due to 
high tcmpcralurc and negligible amount of oxygen, there is no possibility 
of existence of life on Venus. Its axis of rotation has a tilt of 23 a . 

Question 

Venus shows phases similar to our moon. It is half full at maximum 
elongation. Draw a diagram showing phases of Venus. 

Earth 

You have much knowledge about the earth from your previous 
classes (See also Table 1). We will only pose a question for you. 

Question 

Assuming that an outer space astronomer sends a space probe to the 
earth. What clue would he be looking for to determine the existence of 
life on the earth ? 

Mars 

A glance on Table 1 will reveal the similarities between the Mars and 
the earth. Mars’ rotational period is 24 hours and ^7 minutes, and its 
tilt of axis is approximately 25° to the normal This results in seasons on 
Mars which last for almost 6 earth months each Due to the higher eccen¬ 
tricity of Mais’orbit these seasonal changes are more extreme. Just like 
the earth, Mars has polar caps composed of frozen carbondxoxide. 
Mars lias atmosphere composed mostly ofCOa with traces of water vapour. 
Average atmospheric pressure near the surface of Mars is equivalent to 
earth’s atmospheric pressure at a height of about 32 km Photographs 
reveal dry river beds which indicate that sometimes to the past Mars was 
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warmer ami wafer llowed oecr Us Miif.ne, At picsent Mats appears to be 
n iff through a cold pi,-.cal period and thru: seems to he no possibility 
of life there, Mars is sometimes c viinl the r,d planet because of its red 
soil like colour Its suif.ne has eratei like our moon Mars has two moons 
of less than Hi km diameter each 

Jupiter 

Jupiter is the largest and most massoc planet but its density is only 
l.33g'cm 3 . Despite its tremendous sue, approximately 11 times the diameter 
of the earth, Jupiter rotates once in 9 hours ami I) minutes, Due to this 
a particle on Jupiter’s cqmt'or rotates almost at 48,(i(MI km hi. 11ns results 
in large equatorial bulge i f the planet. It has a thick atnn sphere which 
consists mostly of hydrogen and helium w uh small amounts of methane and 
ammonia. This planet has a handed appearance of atmosphere along with 
a striking permanent marking called the Ureal Red Spat, The Great Red 
Spot represents rising column of gases caused by a depression of or 
protrusion on the planet’s surface. The si/e of this spot is such that three 
earths, side by side, could he dropped into it. Being, far away from the 
sun, Jupiter has low average temperature of MtfC which results in 
highest escape velocity of 57 4 kins Owing to lilts arid its heavy mass, 
Jupiter is able to retain such thick atmosphere. It also lias highest number 
of moons which are 14 in number. One of its moons is larger than the 
planet Mercury, 

Saturn 

It is second in mass and si/e but perhaps the most beautiful planet, 
Its distance from the sun is 9.5 A. U. and average surface temperature is 
Saturn has an equitorial diameter of 121,000 km. This size is such 
that 9 earths, side by side, would lit into Saturn. Us period of rotation 
is 10 hours and 40 minutes, The density of Saturn is 0.62 g ’em 8 which 
is less than the density of water, If you could find a large enough lake of 
water Saturn would float in it. Saturn bus tlm highest albedo of 68 per 
cent and its atmosphere is predominantly composed of hydrogen and 
methane with small quantities of helium and ammonia. Due to its large 
mass Saturn retains 17 moons and at least 7 beautiful rings surround it. 
The rings are divided in a natural way due to gravitational effects of the 
planet’s moons, into 3 main divisions. The outer ring is called the grey 
ring and the inner crape ring. It is likely that the rings were formed from 
particles of a satellite that was torn apart by ihe tremendous gravitational 
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force of the planet. The particles, perhaps surrounded by frozen gas, are 
distributed in a band little more than 60 km thick, 

Uranus 

The period of rotation of Uranus is 10 hour and 49 minutes It has 
the highest tilt of axis which is 98°, This results in retrograde rotation 
of the planet Its atmosphere contains mostly hydrogen, helium and 
methane. It has 5 moons. 

Neptune 

The discovery of Neptune was in July 1856, Before that time 
scientists had predicted the existence of an object which was disturbing 
the orbit of Uranus This object was later found to be Neptune. It has 
several characteristics that are common with the planet Uranus (see 
Table 1) It has 2 moons. 

Pluto 


Pluto is the most unusual planet with highest eccentricity of 0.248, 
and highest inclination of orbit, which is 70° Its average distance from 
the sun is 48 A. U., but it travels within less than 30 A U. at perihelion 
and out to almost 50 A. U. at aphelion. The diameter of Pluto is about 
half the diameter of the earth. Consequenty even with the largest telescope 
Pluto appears only as a tiny speck. The exact information about the 
atmosphere of Pluto is unknown but its surface temperature is expected 
to be about—240°C. Some people feel that Pluto was originally not a 
member of the planetary system but was captured by the sun at a later 
time. Recent observations reveal that it has one moon. 

4. The stars 

(a) Position of stars 

You probably have seen a model of the globe. It has the circles of 
latitude and longitude which are used to locate a city on the surface of the 
earth. 

Question 

Exactly how are latitudes and the longitudes defined ? Where are 
they measured from? What are the latitude and longitude of the city you 
live in ? 
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.Similurh to locate flie pi silion < f a star, let us imagine a large sphere, 
concentric with the earth, on the suifate nt wh.ch all the stars are studded. 
Such a sphere is tailed the etlesiml sp/nit. I he projection of earth’s 
equator into the celestial spheic m uhs ihe , - lew,il ami the inter* 

section of estuukd earth's axis with the t’.le">ti..l sphere determines 
the cvkMuit pult's as shown in I'm ■( 'I he apparent >caily paih ot the sun 
as seen from the c.uth. after elimination of diurnal (<fatls | motion, is the 

V 

if 


\ 



ecliptic, ft is called ecliptic because the eclipse of the moon and the sun 
takes place when the moon is crossing the ecliptic. The sun crosses the 
celestial equator on March 21 at a point called vernal equinox, and again 
on September 21 at a point called autumnal equinox. The projection of the 
meridians and the parallels of the latitude on to the celestial sphere 
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complete the coordinate system in the sky. The projected celestial meri¬ 
dians are called hour circles. The hour circle passing through vernal 
equinox is called the zero hour circle, and successive circles measured to 
the east are called first, second, third hour circles, and so on to the twenty 
third hour circle, the twentyfourth hour circle is same as zero hour circle. 
This angular measure of a star is called right ascension and is measured 
in hours and minutes. The second coordinate required to locate a star is 
called decimation which is the angle a star makes with the celestial equator. 
It is specified as positive (-(-) if north of equator and negative (-) if 
south of equator. The position of a star is completely specified by giving 
its right ascension and declination. The star Copelia, for example, has a 
right ascension (R.A.) ~5 h 13 ffl and a declination (Dec.) = T-45°57' 

(/)) Stellar distribution 

Astronomers have divided the entire star system into 88 constella¬ 
tions. A constellation is a definite region of the sky around group of stars 
that by its shape suggests an object, person, or animal 

A band on the celestial sphere that is centred on the ecliptic and 
is 16° wide is named by astrologers as the Zodiac belt. It contains 12 
constellations and includes all apparent positions of sun, moon, and 
planets. These constellations and their signs are Aries or Ram, Taurus 
or Bull, Gemini or Twins, Cancer or Crab, Leo or Lion, Virgo or Virgin, 
Libra or Balance, Scorpio oi Scorpion, Sagittarius or Archer, Capricorn (us) 
or Goat, Aquarius or Water carrier, Pisces or Fish (es). Within a constella¬ 
tion we can find small and large groupings of stars. A small group is called 
a galactic cluster and a big one is called a globular cluster. 

A galactic cluster contains some twenty to several thousand stars. 
A familiar example of a galactic cluster is Plough The well known star 
Sirius belongs to this cluster. The Big Dipper or Ursa Major is another 
galactic cluster which has a size of about 100 light years from one end to 
the other. Taurus group consists of 80 stars. These 80 stars are lying 
within a radius of about 16 light years. The centre of this group is 130 
light years away from us. The well knowa star Aldebaran belongs to this 
group. Pleiades, popularly known as seven sisters consists of six naked 
eye stars. With the help of a telescope 20 to 30 individual stars of this 
group can be seen. 
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1'nlde .» f:alai.tic cluster, a rjnhnlnr cluster is extremely stable 
As tis name suggests. it has a spherical shape. ’I hey contain tlifTcrent types 
of stars as compared to a palactic cluster. I he number of stars that 
makes a (’lobular cluster varies from several thousands to a few million; on 
an ascrape around halt a million J'he diameters of [-lobular dusters are 
normally between ?•) and 600 light years, the average being approximately 
2*10 light years. 

‘I It* hiiphtest globular cluster is Omega C’cnturi, It is at a distance 
of 220(10 |tflit years (nun us. The globular cluster M13 in the constellation 
of Ileimles is 3401) light years away from us. Around 1110 globular 
clusters are identified in the Milky Way More than 30 per cent of 
them belong to the constellation of Sagittarius. Globular clusters have 
also been detected in external galaxies 

(c) Magnitude of stars 

from the earliest time, observers of heavens tried to group the stars 
into some kind of a pattern. The earliest classification was based on the 
differences in brightness. More than 20d(i years ago Ilipp.ucluis divided 
the naked eye slais into six classes depending upon the magnitude of 
their brightness. The brightest star was placed in the first magnitude group, 
the next brightest star m the second magnitude group and so on upto 
the sixth magnitude group. The ratio of brightness between successive 
magnitude groups was found to be 2.512. A difference of live magnitudes 
(say between 1 and (i) represents a ratio in brightness 2.512x2.512x 
2.512x2.512x2.512=(2.512) ; ' -100. This means a star of magnitude one 
is 100 times brighter than a star of magnitude 6. 

Use of telescope made it possible to observe stars fainter than 6th 
order magnitudes. The stars fainter than that of sixth order magnitudes 
were successively placed in 7th order, 8th order magnitudes etc, It has 
become possible today to observe stars of 28th order magnitude brightness 
which is 10” times dimmer than sun. 

Modern astronomers have been able to measure the brightness of 
stars very accurately. The star Aldcbaran has a magnitude I I. Regulus 
slightly dimmer than Aldcbaran is of magnitude 1.3. Polaris (North Star) 
has a magnitude of 2.1. Electra belonging to the galactic cluster Pleiades 
has a magnitude 3.8. 


18 



There are brighter stars than Aldebaran. Procyon, for example, is of 
magnitude 0.5, Vega is of magnitude 0.1. In this way we can have magni- 
tude zero also. 

Stars brighter than those of magnitude zero are assigned negative 
magnitudes. Canopus has a magnitude —0.7. Sirius is of magnitude -1.4. 

The brightness we were discussing so far was the apparent brightness, 
i c. the brightness as it appears to us. As stated previously, a star may 
appear bright due to its nearness to us or due to its intrinsically greater 
brightness. If the sun and Sirius were at equal distance, Sims would have 
appeared 3.5 magnitude brighter than the sun, i.e. (2.512> 3 ' 6 = 25 times as 
bright as the sun. Therefore for comparison we define absolute magnitude of 
stars as their brightness when placed at a distance of 1 parsec = 32,6 light 
years (see Table 2 on page 20). 

(d) Colour of stars 

Stars have different cotours, for example the star Antares is of red 
colour, Capella is of yellow colour, Sirius is white and Vega bluish-white 
The colour of a star is actually related with the temperature of the star, 
according to Wien’s law A m r=constant (see Unit 14). A cool star (tempe¬ 
rature around 3000 K) appears red and a hot star (temperature around 
20,000 K) appears blue. The hottest known star has a temperature of 
100,000 K. Sun with a surface temperature of 6000 K may be considered 
as a cool star. 

(e) Stellar spectra 

Spectroscopic analysis of the stellar radiation provide new insight 
into the nature and composition of stars. The stellar spectrum varies from 
star to star The spectral characteristics of stars are intimately connected 
with its temperature. The spectrum of a hot star is quite different from 
that of a cool star. Each element in stars has its own characteristic 
spectrum 

By observing the lines in the stellar spectrum we can identify the 
elements present in the star. We can also have an idea about the state of 
ionization of various elements and hence an idea about its temperature. 

Stellar spectra is mainly classified into ten groups. Letters are used 
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Betelgeuse (M) 



to designate this spectral sequence. They are O, B, A, F, G, K, M, R, 

N, S. The sun belongs to spectral class G. 

The R, N, and S type spectra from a separate sequence, Stars 
belonging to this spectral group have chemical composition slightly diffe¬ 
rent from other stars and they are relatively cool. 

O-type stars have a temperature so high that it is difficult to measure 
it. A tough estimate is that it is about 50000K or more. The dominant 
lines in O-type spectrum are that of ionized helium. Lines of ionized 
silicon and nitrogen are also found. 

B-type stars have a temperature around 15000K. The prominent 
lines are that of neutral helium, ionized oxygen and carbon. Since at this 
temperature hydrogen atoms are ionized, hydrogen lines are not prominent 
in this spectrum. 

A-type stars have a temperature about 9500K The prominent lines 
are that of hydrogen. Lines of ionized magnesium, silicon, iron, and 
titanium arc present. Lines of neutral atoms are absent because at this 
tempciature almost all metals will be singly on doubly ionized. 

F-type stars have a temperature about 6600K. The hydrogen lines 
are very intense. Weak lines of neutral metals and comparatively stronger 
lines of ionized metals like calcium, iron, etc. are present. 

G-type stars have temperature of 5500K. Flydrogen lines are more 
intense. Lines of singly ionized iron are also present. 

K-type stars have a temperature around 5000K. Weak hydrogen 
lines are present, Lines of neutral atoms and molecular bands are stronger. 

M-type stars have temperature around 1500K. This temperature is 
too low to excite electrons to higher energy states in several of the metals. 
So lines of most easily excitable atoms alone are present in M-type 

spectrum, 

From the above description we have seen that the sequence O, B, A, 
F, G, K, M is arranged in the order of decreasing temperature. 

(/) Interstellar space 

The interstellar space contains hydrogen, helium, some metals and 
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small dust particles ut non uniform density A cloud of gas or dust in 
space is called a nebula- Clouds of dust particles bigger than the atom 
reflect light from stars and reveal themselves as refleetion nebula. Clouds 
of much smaller particles re-cmit hs’ht absorbed fiom stars and appear as 
emission nebula, the examples ot which arc Orion nebula and Lagoon 
nebula. Nebulas of higher density block radiations from the stars and 
appear as dark nebula. 

(g) Stellar evolution 

Like anything else in the universe stars are also horn, live for some¬ 
times and linally die. Starts are formed when a portion of nebula, for 
reasons unknown, starts contracting under the influence of gravity This 
contraction results in compression of the gas whose potential energy 
changes to heat. More contraction results in higher temperature and at 
500,00()K energy producing nuclear reactions (hydrogen o-hclium) start 
giving birth to a star. 

Question 

A stellar nuclear reaction can be summarised ns 
6ifI 1 '>slfeH-2)H 1 l-2jc° 


Mass ol hydrogen (,11')-*1.0076 utnu, mass of helium (He 1 ) 1.0027 amu, 

Compute the mass difference between the R. H. S. and L. H. S. This loss 
in mass is converted into energy by the cquution /s~ me 7 . The sun converts 
almost 4.5 million tons of mass into energy every second. Compute the 
solar power. 

Ans. 4xlO J «W 

As the star glows it emits radiation. At some stage an equilibrium 
between gravitational forces pulling the matter inwards and the force due 
to radiation pressure pushing its matter outwards, is reached which 
determines the diameter of the then full fledged star. More massive stars 
have greater gravitational force which requires stronger radiation pressure 
and consequently higher temperature or luminosity for equilibrium. Thus 
at this stage high temperature stars have greater mass, and low temperature 
stars have smaller mass as shown in the main sequence of the H-R 
diagram of Fig. 5. In this mam sequence stars burn for billions of years 
consuming the energy producing fuel (hydrogen). Bigger stars consume 
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fuel faster than the smaller stars. The sun has consumed about l/4th of 
its fuel. 
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Fig 5 II -R diagram. Temperature of the star is taken alone the horizontal ax,s - 

On tlie vertical axis, absolute visual magnitude or luminosity is plotted. 
Every point in the H—R diagram represents a star. There is a higher con¬ 
centration of main sequence stars, Sun is a star in this sequence High 
mass, high volume, low density stars are at the right hand lop part and low 
mass, low volume, high density stars at right hand bottom part of the H—R 
diagram. While dwarfs are at the left hand bottom part. 


When the hydrogen fuel in the core of the star is exhausted, the core 
begins to contract, releasing more energy, due to nuclear reactions convert¬ 
ing helium into heavier elements, that forces the outer region to expand 
and hence cool. The radius of the star increases and temperature decreases 
such that luminosity increases and the star becomes a giant. Much bigger 
stars at this stage of evolution are called supergiants. The time spent by a 
star in giant stage is much smaller than the ttme spent m mam sequence. 
It consumes helium at a very fast rate. Ultimately all energy producing 
reactions um out of fuel. The star shrinks although not probably without 
a few brief hare-ups, which we see from the earth as a nova (or new star) 
shining brilliantly for a week or so and then subsiding into insl «^ a, ? C ® s 
Shrinking ultimately reduces the star into a collapsed state m which it is 

called a dwarf star. 
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A star (ironic 1 * a giant in U.s middle life us indicated on the light 
side of the main sequence of the H-R diagram (Fist. 5) and it becomes dwarf 
in its old age, possessing high density, as shown on the left side of the main 
sequence. Heavy stars at the upper end of the main sequence having masses 
greater than 1.5 solar masses, have a dilRrent story I'lny consume hydio- 
gen very quickly and helium reactions are so vety strong that the star 
explodes ami appears as suptrnma. It is about 100,(K)0 times brighter than 
a novae. During explosion its mass reduces and it becomes a dwarf. Due 
to shrinking its diameter ranges from fi to 12 kilometres and density becomes 
several billion tons per cubic centimetre. So high internal pressure is gene¬ 
rated that all electrons and protons cancel charges and what remains is a 
neutron star. Some of them also retain strong magnetism and send radio 
frequency pulses. These are called pulsars 'I he crab nebula which is remains 
of a supernova seen in 1054 A. D still emits x-rays, lhe remains of 
supernova explosion of some stars of mass greater than 5 solar masses, has 
very high giavity in collapsed state. Nothing can escape its gravitational 
pull. Any particle approaching it is swallowed up Such remains are called 
black holes, 

Out sun is a star in the main sequence. It will shine for billions of 
years without much change. Then its temperature will become very high 
and life on the earth as we know today, will become impossible. 

5. Sun—thc super star 

The sun is a ball of gas having a diameter of about M00000 km. Its 
mass is 333000 times that of the earth and volume 1300000 times. Its 
average density is 1.4 time that of water on earth, The gravitational 
force on the surface of the sun is 28 times greater than that on earth’s 
surface, 

The outermost surface of the sun is called photosphere. The photo¬ 
sphere consists of gases (mostly hydrogen). Photosphere has a temperature 
of about 6000K. Photosphere acts like a black body emitting a continuous 
spectrum. 

Sun's atmosphere 

Unlike the earths’ surface and its atmosphere there is no abrupt 
change from the sun’s surface and its atmosphere. Above the photosphere 
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there aie three laycis that constitute sun’s atmosphere. Immediately 
above the photosphere and extending to a height of 800 km is a layer of 
gas called the reversing layer. Above the reversing layer and extending to 
a height of 1000 to 12000 km above the photosphere is chromosphere. 
Above the chromosphere and extending to millions of km is a layer called 
Corona. 

Sun’s atmosphere consists of gases, mainly hydrogen Traces of other 
elements are also present. 

Solar spectrum 

Photosphere of the sun is responsible for the solar spectrum. Solar 
spectrum is continuous. 

In Fig 6 we have shown a plot of observed values of. .emission 
for different wavelengths. The curve is for the integrated emission from 
the disc. Taking wavelength range for'the visible light between 0 35p 
and 0.75/x, we have shown that the energy emission corresponding to this 
range is about 44.5%. The emission corresponding to infra-red rays is 
about 53.5% and that of U. V rays is only about 2%. 

From Fig 6, it can be seen that from the wavelength ,of maxjppjm 
emission, the fall is too steep on the violet side, and the curve can, upder 
no circumstances, be made to agree with that for any black body at any 
temperature. This rapid fall on the violet side is certainly to be ascribed to 
greater diminution of ultraviolet light by the scattering in the atmosphere 
In fact, this total absorption has been traced to a layer of ozone which is 
formed in the upper layeis of our atmosphere, 



Fig. G Solar spectrum 
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"the . nniiniji'us spectrum is superimposed by dark absorption 
lines. When the contimums radiations emitted by the photosphere pass 
through sun's atmosphere, the atoms of \ annus elements present in the 
atmosphere absorb these radiations, Fach element absorbs its own 
characteristic radiations. The absorbed radiations give rise to dark 
lines in the spectrum. Therefore by identifying the dark lines in the 
spectrum we can identify the various element present in the atmosphere, 
By measuring the intensity of the dark lines (Intensity of an emission 
line it the amount of light in that line; intensity of a dark line is the 
amount of light subtracted from the continuous background spectrum) 
we can determine the concentration of the element responsible for that 
line, 

Interior of the mt 

The interior of the sun is of utmost inportancc The heat and light 
of the sun is derived from the energy generated m the interior of the sun 
due to thermonuclear reaction. Sun's interior has a temperature of about 
ISOOOOQOK. The pressure there is about 2x1(1“ atmospheres and density 
is lit) times that of water. Undcrthe.sc conditions atoms are forced to¬ 
gether so fast that they combine to form a new atom and these thermonu¬ 
clear reactions, rcteaso enormous energy. 

Sunspots 

Dark spots observed on the surface of the sun are called sunspots. 
Sunspots appear from time to time, some of the spots arc small and do not 
last very long. Bigger spots may appear for several months. Some sunspots 
arc single and travel along the surface of the sun in the direction of rota¬ 
tion of the sun. Sunspots arc characterised by a lower temperature (compar¬ 
ed to the eoOOK of the photosphere) of the order of 2QOOK to 4000K 
and an intense magnetic field of the order of 2000 guass to 3000 
guass. The magnetic field has a direction perpendicular to the surface of 
the sum 

Sunspots appear and disappear from time to time. The number of 
sunspots appearing varies from year to year. However, it is observed that 
the number exhibits a periodicity of 11 years i.e. if N sunspots are observed 
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in a particular year y, the same number of sunspots will be observed in 
the year y-T 11, y+22. This periodicity is known as sunspot cycle. 

Many solar activities are directly related with the sunspot cycle. Solar 
flare up (sudden increase in the intensity of the red H -a light emitted from 
certain regions on the solar surface), global magnetic storm (the intense 
emission of streams of electrons, protons and a-partjeles by the sun during 
a solar flare up) growth of plants and trees on earth etc. are affected by 
sunspot cycle. 

6. Galaxies 

Galaxies are the basic building blocks of the universe. They are' 
made up of stars and interstellar matter. The exact number of galaxies 
in the universe is not known. However, astronomers have been able to 
identify 100 billion of them. 

Galaxies are seen in every portion of the sky. Even though they 
are enormously distant from us (the most distant galaxies that can be 
observed through our telescope is estimated to be at a distance of 
6x10“ light years from us) they appear in our telescopes. They appear as 
patches of lights of different shapes. 

Most of the galaxies have a diameter in the range 7000 to 150000 
light years, About 75 per cent of the known galaxies have a disc shaped 
structure. The thickness of the disc is maximum at the centre and mini¬ 
mum at the boundaries. On an average each galaxy contains about one 
billion (10 D ) to hundred billion individual stars. 


Our sun and the solar system belong to the galaxy called Milky Way 
which is of spiral shape [Fig. 7 (b)]. The nearest galaxies to the Milky 
Way are the irregular shaped Large Magellanic cloud and the Small 
Magellanic cloud which are at approximate distances of 160000 and 100000 
light years respectively. Their diameters are 3000 light years and 13000 
light years respectively. Among the galaxies that are close to our Milky 
Way galaxy, the best known one is the Andromeda galaxy. This is at a 
distance of about 15x10° light years from us audit has a diameter of 
about 100000 light years. 
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Rotation of galaxies 

Galaxies are rotating about an axis passing thiough their centre. 
This is evidenced by the flat shape of the galaxies, Since galaxies arc made 
up of gases and dust its rotation will cause flattening. 

The entire galaxy docs not rotate like a solid wheel because relative 
shift of stars in a galaxy has been observed. Our sun revolves around 
the centre of the Milky Way with a speed of 25(!hm,'s live period of 
revolution around the galactic nucleus is about 2*10 million yems 
The Milky Way 

As mentioned before, the Milky Way is our home galaxy. It can be 
seen in a clear night as a white band of light around the celestial sphere. 
Our sun and the solar system belong to the Milky Way galaxy. 
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The Milky Way has disc shaped form. The thickness of the disc 
is greater at the centre and it thins down towards the boundary. The 
thickness at the centre is estimated to be 10,000 light years and that at 
the boundary is about 5,000 light years. The diameter of the disc is 100,000 
light years. This disc is symmetrical about a central plane called galactic 
plane. The sun is located towaids the edge of this disc, relatively closer to 
the galactic plane (at about 40 light years from the galactic plane). The 
distance of the sun from the centre of the galaxy is about 27,000 light years. 
The model of the Milky Way when viewed edge-wise will have a shape like 
Uiat shown m Fig. 8 



Fig. 8, 


There arc about 100 billion stars in the Milky Way. These stars 
are not uniformly distributed. There is a greater concentration of stars 
towards the centre of the galaxy which is the location of the constellation 
of Sagittarius. 

Milky Way is a spiral type of galaxy, Spiral galaxies are characte¬ 
rized by very rapid rotation and the disc shape of the Milky Way is an 
indication of its rapid lotation 

The arms of the spiral galaxies contain blue giant type of stars. It' 
has been possible to locate blue giant stars m the Milky Way as specific- 
distances and positions corresponding to the location of spiral arms, Out) 
sun is located in one of the arms. The name of this arm is Orion arm. 
The spiral arms of the Milky Way are about 2,500 light years wide. 
Adjacent arms are separated by a distance of about 1,500 light years. 
The shape of the Milky Way when viewed from above or below will have 
a shape as shown in Fig. 7 (b). 
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An ordinary galaxy tike our Milky Way emits about I0 as kilowatts 
of power in the form of radiowaves. But astronomers have identified 
sources of radiowaves called radio galaxies which radiate million times 
more energy. For example Cygtnts A radiates 10 31 kilowatts m radio 
region and a weak galaxy NGC 1008 emits 10 30 kilowatts. 

In addition, there are unusually small and unusually compact radio 
someth m the sky which are called quasars They emit a large quantity 
of microwines as well as visible light. 

Measurements have shown that quasars are at enormously large 
distance fiom us, These distances are of the order of billions (1(1") of 
light years. Since they appear bright even from such an enormous distance 
they should be extraordinarily luminous. They have to be thirty to 
hundred times as luminous ns an entire galaxy. If this is to be the case, 
such a galaxy should contain up to hundred limes as many stars as there 
are in an ordinary galaxy and its dimensions should be five to six times 
greater limn that of an ordinary galaxy. Then, even from this enormous 
distance they should have shown a definite shape in the most powerful 
telescope, But the fact is that even in this telescope they appear as tiny 
stars, This forces us to conclude that in spite of the enormous luminosity 
quasars should be small in size. Another observation which is in favour 
of the smallness in size of quusars is the variation in the energy they 
emit which is characteristic of small bodies. Quasars arc estimated to be 
about one lifth in size of a galaxy. The masses of quasars have been 
estimated to be of the order of ID 9 solar masses They are considerably 
less massive than ordinary galaxy. 

7. Theories of the origin of universe 

While the human knowledge about the universe is insufficient, theories 
regarding the origin of universe have been formulated based on the col¬ 
lected data. A study of spectra of galaxies, which form the building blocks 
of the universe, shows shift of spectral lines towards the red region imply¬ 
ing galactic recession, Baaed on observations of near galaxies the Hubble’s 
red shift law, stated below, was formulated, 

The larger the red shift (or greater the recessional velocity) in 
spectral lines of a galaxy, the farther the galaxy is from the observer. Or 
mathematically, 

V^HR 
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Where V is the recessional velocity of a galaxy, R is the distance from 
the earth to the galaxy; and 77=9.4 x 1CT 10 s~* or 16,000 m/s for every 
million light years, is the Hubble’s constant. This suggests that the uni¬ 
verse of galaxies is ever expanding. 

Question 

Assuming that no galaxy can move faster than light, estimate the 
limit of the observable sky. 

Ans. lO^km.' 

The extent of red shift gives the velocity of a galaxy. Knowing the 
velocity we can find the distance and hence the density of galaxies 
Although more data is required, it appears that galaxies are distributed 
uniformly throughout the universe. 

Question 

If galaxies are uniformly distributed throughout the universe, are we 
at the centre ? Does it matter ? 

The proponents of steady state theory assert that the universe always 
appeared as it does today. Although the universe is expanding more 
galaxies arc created, by conversion of energy to mass, so that the density of 
galaxies remains constant. This theory suggests that creation of matter has 
been going on indefinitely in the ast and will continue indefinitely in 
future. 

The big bang theory, on the other hand, postulates that the entire 
mass of the universe was initially concentrated in a primal nucleus. A big 
bang (explosion) took place in the primal nucleus throwing out masses in 
to space. This results in an ever expanding universe where density of 
galaxies is decreasing. 

Question 

Assuming that the galaxies are moving with constant velocity ever- 
sincc the big bang, estimate the age of the universe. 

Aub. -i- =3.5x 10 9 years. 

id 

Astronomers have observed radiations of a few millimetre wavelength 
coming from all parts of the sky. This background radiation has a tem- 
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pcraiure of 3K and is believed to be the remnant of the original very hot 
radiation of 10 JD K which existed at the time of big bang. ’I he theory of 
Oscillating universe is Bimil.it to the big bang theory but suggests that the 
expansion of universe will stop one day and then universe will start shrink¬ 
ing. Ultimately the entire mass of universe will he concentrated in a 
small volume, Due to very high temperature there will again be a big 
explosion. 1 he universe will keep uscilltuintt in ibis manner. The cycle of 
one oscillation is estimated to take 80 billion years. But upto now only H) 
billion years have elapsed. The evidence to support the idea of oscillating 
universe comes from distant galaxies and quasars which actually show that 
the rate of expansion of the universe is slowing down 

Astronomers have succeeded in answering several questions but many 
more questions, have arisen. Man must continue the seemingly everlast¬ 
ing search for the unknown. 

SELF-ASSESSMENT 

1. (a) A man weighs (180 newtons on the earth. Determine his 

weight on the Mara. 

(Given, radius of the Mars - 0,53 radius of the earth, and 
mass of Mars «■ Q. 11 mass of the earth) 

(b) Calculate the values of solar constant at Venus and Mars— 
0.793 A.U, and 1.524 A.U. away from the sun respectively. 
(Given, solar constant on earth--1.388 X l0 8 W/m*) 

2. (a) If the two components of a binary system of stars have the 

same spectra while one component is about 1,000 times lumi¬ 
nous than the other. Calculate the ratio of their radii, esta¬ 
blishing the formula to be used. 

(b) How far is the Venus from the earth on an occasion when 
the round-trip for a radar signal is 5 4 minutes 1 

3. (a) How is it possible to deduce the moss of Jupiter with the 

help of observation on one of the satellites of Jupiter ? What 
quantities must he known before the mass can be found ? 

(b) How many earths could fit into the volume occupied by 
Jupiter ? 

(Given, R ( earth)IR (Jupiter)- 1/11,23) 
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4. (a) I he suiface temperature of Procyon is about 7000 K, what 
is the approximate wavelength of the maximum emission 9 

(h) At what late enciey is emitted by a square centimetre at the 
surface of Procyon ? 

(Given, Stefan's constant ff=5.669 / I0~ 8 MKS Units) 


i . (a) W’hat aie some of (he reasons why a icllectoi prforms better 
than a refiactoi *4 the same aperture 
(b) Calculate the dice live aiea and the resolving power of a 
radio telescope with diameter 70 metres and o pc rating on a 
wavelength of 3 ineties, 

fi. (a) Describe a likely birth place of stars and the process thai 
brings them into being. 

(b) Diflerentiute the following ■ 

(i) Neutron star and Pulsars. 

(li) Radio galaxies and Quasais 

(iii) Black hole and white dwaif. 

(iv) Giant star and Nova. 

7, (a) Recognizing that the facts are not all in, review our current 
but tentative ideas about the geneial character oi the universe. 

(b) Discuss some of the criticisms that have been made of the 
time varying models of the universe. 
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